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CHAPTER 3 

Solutions and Non-Covalent Binding Forces 

Intent and Purpose 

;1~:~ first go~1I o( ~hi-. chapter is to e,amme hew,· molecular properties manifost themselves in 
r propt•rlrl•s ot condensed phases. The forc1.?s that hold molecules together in solutions and 

s0 ~ds deriVl' from the indi\idual molt•cuk>s that make up the aggregate. Se\'eral solvent 
~ca ~s for determining polarity and intl•rnal cohl•sion are presented Nc>..t, we focus the dis­
cuss'.on <~n thl• propl·rtic-. of solute-, (entities di-,soln·d) in solutions, including information 
~~ ~1~~us1on. <?ur gc~,ll is to ~t the stage for c•>..amining reactions that ta~e_place in solution . 
. nc_torl', a d1scuss1on of the thermodynamic:-. of solutions and the drmng force for reac­

h~ms in solutions i:-. given. Thl•sol\'alion force., for solutes arc much the same forces that con­
ttutc• .,oluti;--solull' intl•ractions. l knee, a ' ter examining salvation, we explore binding 
. orccs as ,1 lead into the ne:xt chaptt>r on molecular rl•cognition and supramolecular chem-
1stry. Chapters 3 ,md 4 will sc•t the st,1ge Jor Cha pier 9 on catalysis, which will rely heavil) 
upon a disrns!'>ion of binding forct..'!'>. Wec,111 dbcuss the binding forcl'S involved in solvation, 
mofel"tilar recognition, ,md !->Upr,1molecular chl•mistry, without examining kinetics .1nd 
mechc1nisms, bcc,,ust' Wl' arc concernl?d with svstems that arc under thermodynamic con­
trol, Fi nail)~ this chapter l'nds with an c,amina,tion of modern computational methods for 
~odcling sofv<ltion. Our intmt is to give the studl•nt a sufficil?nt background in the proper­
hes of solutioth to ration.illy design c•xpt.•riments that probe reaction mechanisms and mo-
lecul.ir • • I · rccogmtion p wnomcna. 

3.1 Solvent and SoJution Properties 

In Chaptl'rs 1 ,rnd 2 wt• CO\l'rt•d molecular polarizab1htie-., dipoles, and conformations. We 
•~re now ready to t.•xplorc how the!->l' properties dict,1te the properties of s?l\'ents, the interac­
~•ons of ',olutl•s with thl• soh·cnt, and tlw interaction, between solutes. Smee the vast major-
itv ( · · I I th h . f • 0 l'('actions pl'rfom,cd b\' organic chembh occurs in so u ion, e c 01ce o solvent can 
pl,iy an l'Xtrcmeh importan"t role in controlling the reactions. We need lo choose sol\'ents 
that not onl\' solubillze the> rt.•act,rnh, but also accelerate the de:-ired reaction and/ or impede 
Undt."!'>lr,,bl~ reactions. Mon·o, L'r, we C,ln change the solvent to probe reacuon mechanisms 
,lnd look for tlw l'Xistcncl' of various inll'rmediates (see C,runwald-Winstem scales in Chap­
ter 8). Finall); lht.• inll'radions bl'tween tht' molecules of a soh·cnt, and the interactions be­
t Wl'en solvent and solute, a re some of the same interactions that occur between enzyme and 
'>u

11
bstrate, antibody ,md anth~cn, and -.ynthctic receptors and various target molecules-

a to · • 0 

pies o( lhl' nl•xt chapter. . 
Mok•cull·, " -.tick" together u,ing combinations of fo~ce-. that d1em1sts have_ categorized 

a~ follows; ion p,iirs, dipok-dipoll', dipok-induced·d•p~le, h.ydroge~ bond1~g, van dcr 
\i\,1afs_l London displ%iun lorCl'", solrnphobic ~orces, le":'s. ac~d-~ase •~tcra~llons, met~l 
coordination, ,md ch,1rgl'-transfcr inter.ictions. c,1ch o( th~"l' m~cractionsb CO\c,:ed in van­
?us placl', in this book. A-, with manv definition!'> and class1ficatwns used ~n chemistry, there 
is con;,idl•rabfc, o,·erl,1p with some ol these term.,, and ofte~ molccu~~s stick together U'>ing 
C<>rnb, 11 Jlt'<>n f ti . 

1 1
. .. 10 1 common soh·enb interact\\ 1th other solvent mole-• so 1est• 111 t.•rac ions. iv s · 145 
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A. 

cules or solutes using dipole-dipole, hydrogen bonding, and London dispersion forces . ./\II 
three topics are discussed later in this chapter. . 

Beiore exploring the forces that cause solvents Lo slick together, it is instructive lo givJ
1 
~ 

general picture of the structure of liquid..,, Liquids arc best described by a state of rapt h) 
changing molecular order, which retains a high degree of cohesive interactions between l e 

molecules. 

3.1.1 Nature Abhors a Vacuum 

A':i with all chemical phenomena, enthalpy and enlropv determine the free energy of the 
s,·stem ,,nd hence the system's structure. The weak binding interactions lhal hold -;ol\'cn_r-d 
. . f I I UI 

together arc all rc!atcd lo enthalpy, and _in gcnerc1I the, lower the tree enc~g)' o t '~ iqsol-
state due to negative enthalp1 contributions. Yet, entropy has a ,·er}' large inllueno: on d 
vent structure also. Thcentrop, of mostsolwnts is relatively large and positi\'ecompar~-.,~~: 
the solid state. This large entropy 1!-i due to the substanl ial freedom of movemL•nt of the · 
vent molecules relati\'e to molecules in a crystal lc1tticl•. . t 

Distance to hrst Liquids prefer not to havl• empty spaces, leading Lo the common dictum, "1\l,1ture '1 
,. 

shell of molecules hors a vacuum". The creation of a bubble in a solvent is very costly, because tlwrc MC (c,t~ 
/ configurations for the entire ensemble of molecule.., lo adopt. As such, the tl•ndcncy of ll\ 
~: (\ (\ (\ uids to fill space is fundamentally an entropy effect. Enthalpv is also significant, bc~~u~~ 
: \ / \ / \ , bubbles increase the surface area at the expen..,e of mtL'rmolecular .1ttractivc forc1.:s. 'td, t 
V V \J \ 

some cases enthalpy can become more favorable wilh a more open structure, such,,.., iCl' re ,l· 

B. 

-- ~ r,.. 
.!::. u -Ol 

Figure3.1 . 
A. Schema he rl!pre:-,cntation ol 
the radial Jistribution function 
g(r) for a tvpic,1I c;olid 
B. Schem.1tic representation of 
~r) for a typical liquid After a 
few solvent spheres, there i-, no 
longer any sp,11ial correlalilm to 
another,olvcnl moli:culc The 
origin on lh1:: y .1xi-. rvpre-..l•nb a 
50' ;, chance of finding another 
!>Olvcnt molecule. 

live t~ li9:uid waler. . _ . hh' 
L1qu1ds have structures 111 between gases (complete randomness) and cryst,1b (hig ·., 

ordered). The nverage location of lhc individual mok•cules in a solvt.!nt is expressed in tl•rrn. 
of a radial distribu_lion fu~ction, ~(r). This function relates the probability of finding_ant:t~:~ 
molecule al a pc1rl1cular distance r from each molecule. figun: 1.1 shows ,1 schcmc1llC rl:p 1 
scntation of ~(r) for a liquid and a perfect crystal. !'here arc defintlc distances c;cpar,1ting c~c,: 
molecule in the crystal, and hence there are predictable and reproducible distanc1.·s at w~'.c , 
each mokcule tn Lhc crystal will be found relative to each other molecule. These repct_itiVl 
d1s~a_nce':i .ue ,., ~at lead to the diffraction of x rap, in ,.,ingle-cryslal crr,t,1llographv. fl,i~~; 
pcl1ttve nature 1s referred to a, long range order. Such a high degrl'e of order 1s not foun 
a liquid. Ther_e is_a ~ood probnbility of finding a layer of neart>sl neighbor sol\'~nl rnol~•~U

1
~~~ 

around each md1v1dual soh·cnt molecule, but the dislan,cs to the molecules 111 tin? -.t.:lO e 
third, etc., layers becomes less certain. This drop off in rcpetithene ... s 1s lalll•d short rang 
order. . 

The forces that hold liquids together arc the same as thosl' th,,t hold molecular ,oltd~ 
h 1 I · · h l . 1t,lc to toget er. owever, on ra1smg l c temperature of a S\'stem, these forces become css' 

1
, 

comp~te with thermal energy, and so we transition from a system with long range ~lrdcr 1~, 
one with only short range order. We will dio.;cuss these intermolecular forces in cons1dcrab ~ 
detail in this chapter. 1 lowever, first we consider efforts to characterize solvent~ on •1 rno~ 
macroscopic scale, emphasizing the bulk propertie!-> of Lhl• liquid. 

3.1.2 Solvent Scales 

Each of the binding forces that hold solvent molecules together plavs a role in detl•~­
mining the bulk properlics of lhl' solvent By bulk propcrtie:,, we arc not r~k•rnng tll the n,i­
c_roscopic. interaction: between the 111div1dual solvent molcc~\es, but instc,1d to the pr~p<.'~~ 
lies that the solvent d1splayo.; as a whole. For example, boilin~ poinb and melting point:-, ~I 
solub11i1ing behavior lo solutes, '>urface tension, and n•fractive index arc all bulk solution 
properties. 

Solvents can be classified as protic or aproltC, and a~ polar or non polar. A protic solve~; 
has a hy~rogen atom attached to a hcteroatom, such as o, N, ors, and can form hvJrog nt 
bonds with a solute molecule as well as with other !->Olvcnt molecules. An aprotic soJve 
lacks a hydrogen on a hcteroatom, and therefore cannot act as a donor. 

Creating a definition of a polar solvent is a more difficult ta<;k. Phenomcnologicall\'
1 

polar solvent can be dc..,cribed as a solvent that can solubilizl' ,alts or molt•culcs with IM~e 
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pern:iancnt dipoles, while a non polar solvent is one that docs not. There arc shades of gray 
to this definition, because ccrt.1in organic ions can be solubilized in very nonpolar solvents, 
and not all polar solvents dissolve all common salts or molecules with large permanent di-
poles. Solvents whose individual molecules have large dipole moments arc often quite po-
l~r. I hey are called di polar aprotic solvents, and include N,N-dimcthylformamide (DMF), 
dimt'thvlsulfoxide (DMSO), and hexamethylphosphoramide (HMPA). Protic solvents are 
also often quite polar, being able to solubilize many salts via hydrogen bonding. Lastly, a1-
th0ugh CCl1 and lil1uid Xe arc certainly not considered polar, they are often good solvents 
bccau.-;e they are quite polarizable. 

Dielectric Co11stn11t 

Most often c.:hcmi:-.ts examine the dielectric constant (e) of a solvent to determine 
';'het~er it is pol,1r or nonpolar (Table 3.1 ), with higher e values reflecting greater polarity. 
: he d rck•ctric conc;t,int is a bulf.. properly, measured by determining the effect of an interven­
r ng solvent on the electric field between two oppositely charged plates. The capacitance on 
the pla les is measured, telling the extent to which the solvent screens the opposite charges on 
th~ plates from feeling each other. The electric field generated by the charges on lhe plates 
orients the <;ofwnt molecules to oppose the applied field. Large molecular dipoles, large 
niolccular polarizabilitic._, ;ind hydrogen bonding sites on the solvent molecules combine 
to g,w large dielectric constants, and hence thee \'alues correlate with our definition of 
Polarity. 

TableJ.1 
V • 

~,ou<, Solvent Scales• --- -
Solvent r. z ErC30) Tr" a p 

l·orn, · 111 83 57 0.97 0.71 0.48 am,dl' 
Water 78 95 63 11 l.17 0.47 
DM~o 47 71 .J5 1.0 0.00 0.76 
Dtvtr 37 69 4-1 1.0 0.00 0.76 
Acdonitrik• 36 71 46 0.75 0. 19 0.40 
~fothanul 33 84 55 0.60 0.93 0.66 
HMPA 29 63 41 0.87 0.00 1.05 
cth,1nol 25 80 52 0.54 0.83 0.75 
Acetonl' 21 66 -12 0.71 0.08 0.43 
lsoprop,1nol 20 76 48 0.48 0.76 0.84 
f-Butyl ,llcohol 12 71 43 0.41 0.42 0.93 
f>yridinl' 13 64 40 0.87 0.00 0.64 

Methyll'nc chloride 9 6-! -11 0.82 0.13 0.10 
"I Hf s 37 0.58 0.00 0.55 
Acetic arid 6 79 52 0.6-1 1.12 0.45 
Lthyl acet,11(.• 6 38 0.55 0.00 0.45 

Chloroform 5 35 0.27 0.20 0.10 

Diethyl t.>lher -1 34 0.27 0.00 0.47 
Bl'nzene 2 5-1 34 0.59 0.00 0.10 

C.irbon tetrachloride 2 32 0.28 0.00 0.10 
11 He,ant• 2 31 - 0.04 0.00 0.00 

'D,11,11,1kl'n from th,• followtn • i;ourcc-,,: R11ld1tl,, /. A., Bunger,\\'. 8., and 5.11..lnc>. T . .__} 1986). Or.~11_1,ir 5,1/rr·ut,; 
Plrv,,. .,/ l'roi-ert J \I lw,/ ,,/ 4th ,J (li~hniques of Chcmi<lrv. Vol 11), \~ aley- lnler.c1enc<', Nt1w York. li'llan , (/ • P1,r,protw1:. < c · .. • . , 
l<t1!o11\\1•r EM (1%1!) A I I xi I I I'/ l'tlll>rKw,rClarmt<lrv.)ohn\\1lr1 ,inJSon,,lnc ,e" YorJ...K°"'"er. 
, ' - · • · " " " "' 11111 '

1 
'~' ' ·' • · I •· / Cl 1. \.1. - flwEu I ISol :-; f · caJ\fc,1,un.'c>l~lvcnlPoldnty:Z•Vau"" ,Am. 1r111.Sl1f., 

<'( o vcntonSp,,:tr,1 I.A. l'" .mpin · . ., , • ·nh · 
80. 3251 (l'l5fl) R 1M C. IS. I I ljfl'CI. 111 Or~11111r 01,·1111,/111, -nd t-d., \. CH .. l\e1 l'lm. Kamlcl, 

• t'I< rJt. (1988).S.>ltvn/$D11< • cv11 ' > , · . • 
M J., ,\t,boud J .J M \b h M I I d r fl R I\' "Linl'JrSllh·,,hon Energy Rdation,h1p. 23. ,\ Compn>hen.~1ve 
C ' . ~ ., I r,, ,Im, ' ., ,m '1 ' . f s· Iii . th G J" x:f Sol 11ll,-..1ion of s. 1 h . l\t' i.: d., mJ Somt• Mt'thod or imp ymg <' cncra Ile Ville>-'\.1toc n1m1r PttrJm.:tt-r, . , , . .in .. ,, · 
chrnm,11,c l:ttuatinn '' / Or~. Otem -18. ~77 ( 1983). 
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. th JI dc..,cn\:ll: 
Throughout this chapter lhe i · parameter will be u...cd in ,·a rious cqu,,ttom, _ ' f the p!r· 

binding force., (sue~ ac; Eq. 3.1, below). _M_a~hcmalically, il is defined ~5 l:L• r,t~l ~heref()t'C, 
miltivitv of thl' medium (F,,) to the perm1tbv1ty of.\ vacuum (c,,). l·kncL: e f'µ :-tfvity (,1,so 
it is a dimensionless parameter, which i-., ofll•n referred lo as thL· relative perm, 1 

known as the dideclric constant). ,1 •drl1 ... t,,til'.' 
The dielectric constant give!> in ... ight into how wt.'11 the ..,ol\'ent ... ,rccn~ ~ ,:or rcpul· 

forces. Solvents with high dielectric constan!s mo~ effcctiv~ly ..,crecn thL• ,,ttr~d~lar sol\'~nl 
sive forces between 10m, and the ends of d1pol6. I he parti.,1 char~l•~ on thl P -~ dimin1~h 
molecules interact with ,md diminish thl' cffcctin• charges on ... olulL'S and hl•n1..c 
the attractive or repulsive force-- between charges on ,olutco,;. ,ing ..t•C· 

· I h h. h :1· I · · , · 1 ·· ti, water runt The solvent wit 1 l e 1g ~st c 1c cclnc constant 1s lormam1ue,_ '." ~ • . ._ ml,rc J'(ll,1~-
ond. f orm.1midc has a large t.hpolc, has hydrogen bond in~ c,,p,1b1ltl1eo,;, an~-\ 1. , . didl•ctnC 
izablc than water. These three factors combine to giw formamidc tlw hif;h:"1 

. ,g ,1 ~ig· 
constant. Comparing water and methanol reveals a ,ignifkant diffl'fc.nLe, ind1.~•1t',,·l'l'I the 
nificanl decrease in polarity causl!d by replacing a singlL• hydrogen ol w,,tcr '' •~,;/and cat· 
smallest organic fragment (methyl). Compll'ld\' org,mic ... true lures st11:h ,,.., bcnic i ,.0 ,11\' 
bon tetrachloride have very litlk• ability to ml'lhate the lurCl'" bl'twcen charge" ,\nl • 

nonpolar o,;olvcnts. . t tic ener· 
The "crccning dfcct manifests ihclf in the equation, that d1..'scnb~ tlw l'll>d~11t ~ ,.,cri~ 

g•c"- belw1.,>en full ,md partial cha~ges. As a fi~._t L'X.implL•, Coulomb's la w, wh•c.~ d:-t.,n~' 
the attractive or repulsive potential energy (l;) bl'tween two Lh.irg'-"" q. ,rnd 112 •11 , , tlie 1n· 
(Eq. 3.1 ), has,, in the d1..•nomin,1tor. Thus, the lar<•t.•r the dil·lectric con:stanl, the lo_,,t: r ll ili{lO 

O • f ti ,s l.'q • tcractilm encrg) bctw~en the two charges. We will return to an an.ilys•'- 0 1 
· 

when ion pail"i are d1'>CU'>sed (Section 3.2.1 ). 

Otl,er Solvent Scales ,J 
I ,nl" :'II 

Man) other scales have been developed to mca,ur1..• thL· polar naturt• lll ~0 ~~ l:inS" 
other specific properties (Table '3.1 ). 'fhese scales make tor 1,,1ndy n•forcnce wlwn' ~l

1
~;chfl'>" 

solvent for a particular purpose. Most of tht• other sc.ilc.-, ,lfC l:w,cd up,m the ~t,1' '1 •til,11 of 
mism of the solvent. Solvatochromism 1s the change in ,h,1pe, intensity, and / tlr Pl~~l1,.l.'ot, 
the UV/ \'is or emission spectrum of a chmmophorc or fluorophlire induced by thl 
The mm,t cxtcns'.vcly used scales an: lhc Z scale and Lhc E1 (30) ,calc. . . . 

1111 
jodiJt.' 

1 he Z c;calc ts based upon the spt•ctrnm of N-cth)·l-4-ml'th)·lcarbox\'p,·nd•n1l ,0 1r,1l 
) 0 . . I . . . . . thl>IW J 

(Eq. 3.2 . n exc,tahon, t \IS ion undergoes a chargL'-transler lran,;1lion to form ,roun 
d. 1 · h ·rh · 1 thl' t; h ra 1ca species s own. e excited state thu, has ,\ much ,mailer dipole t ,an . ·I.' 10 t l' 

state. In a polar solvent, Lhe ground state is therefore preferentially st,1bili1l.'d rcl,,ll: . ,,.,,~l'" 
excited ~latc,.and the energy of the light n.•quired for the ex.citation incr1..•asc\(~ht1rt~;hi-: p,1· 
length). I he 7. parameter, arc corrclatl·d to the i.'"~' (nm) for cxcitiltitll1 via l:q. 3.3-
ramcler finds water the most polar sol\'cnt, with formamidc similar to methanol. 

{{' 
r 

J \ C02Mo 

0 h1· 10-I 

0 N ! l_,_ L ~ 
% :: 2.859 X 104 / ).. max 

(fq,J.31 

. . fq.3.4• 
_The C1(30) scale_,., ba..,cd upon the spectrum of the pyridinium bctaine ~ho'"'~ ~~jt,litil,~: 

v,h,~h upon excitation lead-. to a less pl1lar cxcitl•d stat~ dul.' lo ,1 chMge red~\it,1ti11tl 1:, 
Again, more polar c;ohenls lead to a higher enl:'rgy excitation (luwl'r ;._ ,). Qnl' ho 
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t~~t the prescnct• of any acids that can protonatc the phenoxide of the bctainc negate the ac-
tivity. Similar to the% scale, the C7(30) scale lbts water as the most polar. 

Ph n 
:>i: h1· 

a less polar state (Eq. 3.4) 

0 

A sc.1Je known as ,r' j.; based upon scn.>ral different dyes, not just one as with the z and 
E-,(30) scales, and givt..•s ,1 good measure of the extent to which the solvent stabilizes ionic or 
polar spt•cil's. lhl• scale is best vil'WL'd as a measure of non-specific clt•ctrostalic solvation. 
Once ,1g,1in water wins, but form,1mide, DMSO, and DMF all run a close second. 

Finally, sc,,lt.>s to dcterminl' the hydrogen bonding ability of a solvent have also been de­
vclopl•d. The a sc,1lc is ,1 measurl' of the solvent's ability to act as a hydrogen bond donor 
to ,1 solute, while the p scale is a measure of the solvent's ability to act as a hydrogen bond 
,ineptor from a solull•. ThL• acceptor and donor ability can be correlated to other similar 
non-hydrogen bonding interactions. The pscale derives from a measurement of the UV/ v,s 
spectrum of 4-nitroaniline, which is scn-,itivc to hydrogen bond donation from the NH

2 

group. The a sc,1lc is much more complex, being deri\'Cd from studies of a number of dyes in 
protic sol\'cnts, subtracting aw,1y dfects of polarity and polarizability. Water is the best at 
hydrogen bond donation, with ucctic acid a clo-.e second, but many 'iolvents arc better than 
w~tcr ,1t ,Kccpting ,1 hydrogen bond. The better hydrogen bond accepting solvents are those 
With strongly polarized bonds to oxygen, such as DMSO, DMr, and l lMPA. Alcohols arc 
,1lso bl'ltcr th.111 w,,tcr ,1t ,lCCC'pting a hydrogen bond. Fthyl acetate and dil'thvl ether art' simi­
l,1r lo w,,tl'r in hydrogen bond ,,cccpting ability. 

The ,·,1rious sol\'ent <,Cales c,,n be usL'd to determine which property of a solvent has the 
grc.ite:-.t influence on rl•acti\'ity or anr other physical/ chemical phenomena. An example of 
their usl' in a common reaction is gi\'cn in the following Connections highlight, and we will 
,ibo ~hov.-ca-.c their u-.e in,, Connections highlight concerned with the hyd rophob,c effect in 
the next chapter. 

Connections 

The Use of Solvent Scales to Direct 
Die ls-Alder Reactions 

The r,11l--., n.•g,ochl·mistl"); ,ind -,t('rcodwmistry of Dtt.>I.., 
Alder n..•,11:tion-, an.• ,1ifoctcd ti,· thl' solvent, ,md Ml' ofh.'n 
corn.•l,1tl·d to ,oh-ent pol.1rity'..,call', In Chapter 15, we ~viii 
cover orbital intl•ractions that dicl,lll' tht• domin,1nt reg10-
i,orm•r, of Dicfo;-Afder re,1etions similar lo that giwn 
bl'low. Tlw dic1w Ai, con,idl'l'l'd to be a nurll·ophill' and 

-
A B Pseudo-meta Pseudo-para 

Diets-Alder products 

the _mt.'lhvl _dnyl ketone B nn elcctrophilc, and preferential 
orbital m1xmg gives the pst•udo-p.ira isomer pn.'domi­
nately, an cffl.'ct 1-.nown ,is normal l'lectronic demand. 

I . For lh'.s p.uti_cular reaction, the p~udo-para/ met,1 
reg1osclectl\'ll)' did not correlate with thC' polarity ,cal , 
Z, or L (30).1 lowever, a plot of Jog(para/ meta) V"r .l!S£, 

h I " susa, 
t e 1ydrogen bond donor ,1bility, was linear with increas-
ing pst•udo-para pmduct for larger a values. Tlw conclu­
smn 1, lh,1t tht• dectrophilic activation of methyl vinyl 
1-.etonl' by ii hydrogen bond from the -.olnmt reinforces 
the normal electronic demand, further accentual' 
the orbital interaction,. mg 

I C.11i\'id,1. C:., C.uu,1, J. I., Mavurat J A. and S•t,·aJ 11 t •·" I 
- - ~ • ·• " "" .1, ... ~, , ,·nt 

f:ll<'CL,on,mdo/l'\ll• Jnd Rl"'i<>-St·ll'\'.tinhl"l'I D1 •I \Id R 
• • , , ·c,, c , --, l'r e.1ction., 

vf<.:arb..myl·t11111,11nlngD1l•nophilt.,,." / Ch.711 Sot· 11-,4 ·n . , 
I ( 1994 ), . ., c Ill r1111,., - • 1147 
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Heat of Vapori:atio11 , n••1t1ircJ \ll'~ 
• L OlO{COCfg) "I Ufl?ll' 

The heat of vaporization (~I I rG) of n -,ol\'enl \s lnc amu~ \ . 
3 

_1 ircCl rnc3"' ---,16 
L b T pnint t ,s u rno~ ... -

izc the ~lwnl per gram or mok of sol\'enl al lnl' 0 1 ing · 1 • en\ sol\'cnt .,..,t(O" 
. . h . f "-~t ·ccn the au1ac h c-realP" 

energv required to o\'crcome l c atlradwe orces u,.- '' . d. oting l cc, ha\'t 
. h I- h \\ m ,\n..:ulc ,n I ' rofort1' (Table 3.2). Water has the hig c,t v.lluc or -..uc a sma l I.! n~l'nc and ch\O 

hcsi\'c forc\.-s n.•r surface are.1. Nonpo\ar !'-Ol\'ent, ,uch as be · 
· · r-- · • . \ , •ilh J'-•canc. 

quite \ow value5 unhl their surfacl.' area become argc, 3S" 

Tab\e3.2 
l teal!> of Vaporil..ltion of Some Common 
Solvent-. at l.O alm lcal/p.l and ii rar.1metcr..• 

Solvent lfl.,.,° ii 

\"wall.!r 540 23,4 

Methanol 263 \4.3 

Ethanol 20,\ \2.7 

Al-CIOnt• \25 9.6 

Bcn1.cnc ').\ 9.2 

Chloroform 59 
Meth.me 122 
l:>..--canc 575 

• Al.lim. l'.(\9%) l'llyskllJ Ch,,nut') iith cd W IHR.'t"­
man and Comp.my, Nt'W'i~ Abmwn, M. H "5o\,cnl 
fjfrtu on lraM11100S1.a~ -1 lte.1(11on Rat~• f'l'os. 
Pliys Ors Chtm .. " · 1 ll•m) . .., iS ~ 

• alll''' .A 
- nf ,•aport7.• "t~· 

Another informative ,olvenl parameter that i, -..1mil,u h> the hl',,l l ttractioO l"';ot' p6 
cohesive energy density (D). This encrgv is the mean potential '-'m•rg)' l,I a , l,i coh~1 ·· _,.ur 

' · · l\ »11crg\ _,1b,'~-the !-Oh'cnl molccult.-s within a gi\'en sampll•. ln other w(,rds, it 1s ~cc. ,n Jj,·ideu .' ht jt1\0 

unit volume of -..o\\'cnt. and is defined bv the molar heat llf , ·apon7..ahl • ,e .. in .. tS ,plJ'I 
volume (D = _i!Iv•v0 IV). The cohe:-ivc l;ncrgy den-.ily (D) ot the .,.~,l\·cn,

1 
... s~;cc th,,l ~\\I\P 

how di{firn\t 1t 1s to crualc a bubble o( 3 gi\'l'n volume, such ns an empt) ,1 ,,,\il\' of 
· - d th"~l\l'-' • would need lo occupy 1 hcrdore, D ha"i b<.~n [ound to be rcl.,ll· lo t ~ 

and solubility parameters (c5) are defined. where D = c51 2 { \able 3.2). 

e11l• 
S11r'ace Tension mad Wettin<> \ . ,~ .;0\\' .w 

'' '"' ·t ,1n .. • P .. 
rf . . . \ . I r·r-. " ' ' J .. to The_su ace tension 1-.. another mca-..urc of the internal co ,es1vc O '-' · thi.; \cil - tf,;:.f 

Table3.3 . 
A few Surface Tension 
Values (y, mN/~): __ _ 

All liquids lend to adopt ~hapcs that minimi,c their c;urfacc arc,,, because Al thC .. ~ ter 
maximum number of molecule..; in th1.• bulk interacting with lhl•ir ncighbllr5• 01ccul.1r1" 

Solvent 
y 

72.8 
\\atcr 
Methanol 22·0 

28.9 
&,,rul!ne 

\8.4 
Hexane 

472 
Mcrcu~ry!.·------

of a solution the sol\'ent molecules cannot have the normnl number of intl!rrn tet'" 
actions bccau~ the~ moll.·cu\cs arl' at an intl.'rfacc with l\ir. h' h ~urface ~ 

Table 3.3 \bts the surface tl!nsion, (y) of a few solvent,. 5{)1vl'nt ... with a ig ,i,,i11,itC jot' 
sion require the greatL"'-t cnerai..• to increase their suriacl' area nnd will tend lll 

11 
rt·3cc te~d..s. 

n; ' I • Sll ' • I ~ 
expo..,cd surface the most. Solvent~ with low cohesive forces will han· a 0

" ..,,;c.c!- th1~ ceJ 
I f d . . . 3 i; ,,pre-- f .-ell 

and es.., o. a rl\'mg torcc to minimize e posed surface area. Uq. ·- c cth'-'~ur il~ i,te' 
where the incremental amount of work (cm:r\!v, iiw) that is nl'\.~cd to chang . .,0 rfacC ,~ 

d · I I ,;,. h nl•C 1n ll e of a sol\'enl rop I!- equ.:i tot ,c !>urfaCl' tension times a incremcnt.1\ c ~ c> 1 la\'l' yo. at'~ 
(aa). Mercury has an a,tounding surface len,ion of 472 relative to ,,•atcr " 73· a\11'l~t 

h . t h' llfl' 
broken a mercury l ermomelcr? 'The mcrcmv meta\ bead-. up imm'-'d"1 c • 
!-turfocc, reflecting the very high surface tensil;n. 

<1U' = yr)<1 .- ·el\l 
111" "j .. .;U ,,ef 

The ability of the solvent tll adhere to a &urfocc i, ca\11.•d wetting. \\'hen thc~prc"J-l
1 

atlrnction between the solvent molecule:-, and the ,urlacc ,uch that the i;t,h·Cll 
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the surface and doe-. not have., propensity to bead, we consider the :-,urfoce wetted. When 
thl' energy of interaction bl'twecn the surface and the solwnt is similar to (or greater than) 
that o( the sul\'cnl moll•cules with thl'msch·cs, the solnmt will -.pread out and wet the .,ur-
face. For cx,1mpll•, a drop of water on glass spreads to some extent, and wets the surface due 
t~ hydrogm blmds fom1ed between tlw water molecules and the Si-011 groups on the glass. 
Conn.•rsl•ly, when water i-. plarl'd on ,1 tenon -.;urface it beads up, and doc., not wet the sur-
face. TheC-F teflon -.urface doc., nnt make .,trong interactions with the water molecules, and 
hence the water prefers to -.tick lo itself. 

A phl•nomenon related to wetting i-.; capillary action. This phenomenon is the tendency 
of liquids to ri:-.e up the interior of narrow bore tubes. Liquid., that adhere to the interior wail 
of the tubl•s will crl'l'P up the in-.;ide, having the effect of curving the surface oi the liquid 
within thl· tubl.', ae.1ling ,1 meniscus. A meniscus will form ma tube, but also between any 
lwosurfaws.A for~e results which pull,on the edges of the tube or surfaces toward the inte­
rior. A foscinating use of this force for ,1ssl•mbling small objects has rec<mtly been reported, 
,lnd is dbcu-,.,l•d in thl' following Connections highlight. 

Connections 

The Use of Wetting and the Capillary Action Force 
to Drive the Self-Assembly of Macroscopic Objects 

Rl'Cl'ntl)~ l·,1pillary ,Ktion has lx>t.•n U'>l'd to -.(')f-a.,--embk• 
macro-.copic objl•Cls. Objl•ct-. uf ,·,irillus shapl'S Wl'rt.' cul 
from polydiml'thyl-.ilox,1m.•, .1 plllyml'r th,1t i-. not wdlable 
br w,1tcr but is wdkd b\' fluorinated lwdroc.1rbuns. Dl•s­
ignatcd surfaces 1n•n~ thl'n m,1dl• 1n•tl,;bll• by W,ltl•r bv 
u-.ing controlk•d 11xid,11ion. Tlw,l' objl•ch wen• thl•n 
llo.itl•d at ,m interf,l(l' bl•t~vcl·n pt•rlluomdccalin <Ctef 1s) 
and W,lll·r. \.\'hl·n two non•oxidill•d -.urf,Kl'., (wett,1bk• 
by Ca0F1s) c1ppro,1d1l·d l'il• h otlwr within., di,tancc ut 
.ippro•dm,,tl'ly S mm, tlwy mon•d into rnnt,Kt, which 
with timl' l'l'l.',llcd ,m ordl•Nd, ,clf-,1-.st·mbll~i palll'm of 
th1• ob1ecls. Tlw rnon·rnl.'nt and s<'lf-,w,cmbly wa-. driven 
by the soln-nt .idlwsiw forcl'S th.it producl' tlw capill.uy 
,1ction. th,•reby ll•,1ding Ill an diminc1tion of the curwd 
nwnbd bt•twl'l'n ncm•o:xidi/l'd surfacl's. Onl' !->UCh pat­
tl'rn is shown to tlw right. 

lluwdl'll, ,-.; , T<-rtnrt, ,\ . C,irb,·,·1-. J. and l\'h1tl'.'$ld<'S. G. M. •·s.,Jt. 
ASll<~bly of ~ksoscal,• <)bjc-ct, into Onkn 'li r .. ,• D1111,·n,ionJI ,\rr.1ys." 
S..-i1·,1ct, 2i6, lll (I '1'17) 

l-Vatt•r 

Top and curved edges: 
H20-wettable 

Bottom and flat edges: 
C,0F1a•wettable 

v\iater i, becoming more nnJ more important in the field o~ organic chemistry. The first 
reason for this is th,it bioorganic chemistry often explores chemical phenumena that occur in 
water, ,md thus the kinetic" and thl•rrnodynamics of catalytic reactions and molecular recog­
nition interaction.., are incnw,ingly bt'ing studied in waler. In addition, there is a strong push 
in the chemical indw,trv to mm·c aw.iy from the use of large amounts of organic solvents, 
~nd wlwn pos-.ible, to p~•rform clwmical reactions in w,1ter so th~t there is le!'>s organic chem­
~cal w,istl• (an ex,unple 0 ( green chemis try). Hence, under~tandmg th~ proP<;rties of water is 
important to our under:-.tanding ol n,1tun:, and may pro~·e m~·aluable 111 helpmgourecolog~,. 

W,lter is often thought of ,1s a "speci,11" soh-~n~, ,-vith -.;mgular properties. Rather than 
ha\·ing ":-.pcci,il" properties, it is at the extreme limit ot most soh·cnt properties. For exam­
pk•, w,iter has either the higlwst v.-ilUl' or dose to the highest value in the different polar­
ity ,md hydrogt•n bond donor solvent sc,1lcs discussed prcviouslv. l lowe,er, water is not 
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D~\SO andal· 
amon•• the bc!>-l h\'drogcn bond acteptor-.., ha\'inga lower~ value than Dl\\F, ' l ·t~kead· 

o . . h I . d "\'Oh cu to ' coho\,. Earh• life had to \c.1m to deal w1l l 1l",e extreme propc.rlll.'!,, ,m l! ., "·ell a" 
,·antage of them. The ,tructures of ~rntl.'in,, nucleic acids, and ~di mcmb~nc:.., a 
manv other biological moh.?cule-.., ,tnctlv dcPl!nd upon water being t\w st1h cnt. . 111 ,,nd 

. . h. h fo ·e ten ... 1l 
Tb_c stron? in~crmolei.:ul~r (orccs in w~tcr, as evidcnc'-•d by th~ 1g 5 ~r '~ 

0
_11 m,nd:, 

heat ot vaponzahon, arc a dm.•ct re ... u\l ol the large charge polan1.at1Cln II\ •
th The rc:,ult is 

leading to large dipolL--dipole attractions and hydrogen bonding properties. :.trnhe-dral 
the high attractive force behn'en the indi\'idual water molecule5. Because of t~I.' ~1.: neigh· 
geometry of water, each watlir molecule ha.., the potential lo hydrogen bond "'1th. '

1
~~ctiot1" 

boring water mol-.?culcs, lhu-. being capablt of making mNe intennolecular 111t ...,l111 a,·· 
than any other solvent.Specifically, in liquid watl.'r al o~c, c,1ch wat'-:r nwkculc ma c: 
eragc 3.4 hydrogen bond-., with an avcrav.e Oto O dbtancl' oi 2.lJ0 A at 15 cc. 

1
,) l,o\) 

Thu~, upon the melting of ice, which b fullr hydwgcn bomlcd (four per in,~ICCt~;/shorl 
about 15% of the hydrogen bond~ are broken. Liquid ,,mter has considerable ice-h" 1 todc­
rang,:_, order but no long range order. flickering clu~ters i-. a term that ha, been ° ."'l.:l j-. illl" 
,cribc liquid water. implying ,horl li\'ed ice-like region-... The fluiditv of the::.e r\!g,onsd 1\,c 

, I ()rmr . 
parted by the extremely rapid rate .1t which lhl• hydrogen bonds arc brokl'" am l • ·tar, al· 
half-life of each hydrogen bond in liquid w,llcr is only about 10 10 lo 10·11 :,. A "'1m: ... udi 
though even lc,s ordc!'l'd ,lructure, is cxpl'Clcd fur olhcr hydrogt•n bonding solvcn :., 
as alcohols and thiob. r 0\6 

R1.>eall that a polar '-Ol\'enl dissolves salb and mo\cculc:-. with large pcrmanl•nt t '~aniC 
Thu,, mo-.t crystallinl' !»alb and ionic compounds liissolve in water, a do man)' 

11 
anic:­

struclure!; that han.' dipolL• moments .,nd/ or hvdnwen bonding cnnabilitic::,. 1 IW '
1
rst,rlO 

. . • o r . . f \\'ii t: 
include ,;ugars, akoht,ls, and \'anous carbonyl containing ,truclures. 1 he ,1b1hly 0 

align its dipole and hydrogen bond to thc~e org,1nics ll•ad5 to their 8(1\ubilit\'. oic-

h · f "d ~ · · • I lhenl1 

1 c p1Clurc o rap1 huxuahon m water and other liquids h!,ld.., to the genera l ~I th'C 
non that liquids take up more space that solid-. (water i-. .u, exception-ice cxpnnd,._l\: ~"'~­
to liquid ,vall.'r). ~1o:-.t liquid<. fill only about 5S'i of the paet> thcv oc(up\'. ·1 hi,; h,,., ,nt~ thC 
· 'f· t· I h' h · h • ' d. c,cd 111 
mg ram, 1ca ion-., one o w 1c 1s on t c design of molC'cu\ar receptor-:, a-. 1'-cu~ 
following Coing Deeper highlight. 

Going Deeper 

The Solvent Packing Coefficient 
and the 55n., Solution 

In thl' m:. t chapkr .- l' an- going Ill con·r molecular rec­
ognition phenomena-how solute molecules ".,tick 
together". There, b_indi~g fon:cs, Cl~mplc':'entarity ,md 
preorg,mization will be important ,._..,Ul'S 1_n the Ul'S1gn 
of moll•cular n:,cptor-.. Howcwr, a very -.,mplc po-.tulatc 
h,,., recently tx--cn put forth by Rebek to guide the <lc-.ign 
of molecular n.-ceptor..,, and it io; ~lely relakd to "°\vent 
packing. It j..,c:llle<l th<.' 55% solution. . 

Organic liquids only occupy a certain ~rcentagc of 
-.pace. The \'<llUml· \l~ filled :Pan.' bra 'iolvent is ddinl'J 
as its pad.;.mg coeffioent (PC), and 1s anothl•r bulk 'iOlvent 
property and parameter. It b a rntiu of the '-U':' of the van 
dcr w.,als voh1ml'" tor a -,ol\'l'nt ( V\~) to the given volumt' 
of space ( V}. 

PC= Vw/V 

\ ' h t ri.!31'ic \,1tcr ,,., thl! largl'st PC (0.1,3), whill' mos l,,., 
0 

55. 
sol~ cnts vary bel\, vt·n 0.6 and 05, with a mean nca~ ;,i 
In other words, most organic solnmt h II ju ... t "' ~r 
the -.pace thcv occupv. 1·• 

• • lrCU.., 
Rebl'l, po-.tulatcs that one !.hould dc,lgn a mo I'''° 

~ptor tor a targl't molccull• where the target 111ls 3P~f'" 
imatcly 55~ of lht• volume within tlw interior of th_c ~ .;'(! 
t 11. 110111• or. w; would create a ~vstem with d volume-op • 
b. d. bcl • ur,1ni 

m mg · 1.wior that j,; not significantly diffcrc~ c that 
lhl' bulk solvent. A '-Uitable target for n rl.>CCptor ac;on C Ji 
ha,; the nght ,h,,pl' lo fit the rt•ccptor, but also has a p l 

around 55,.'<,. 

"'"",ell Me(W.zi, S • and Rd,,•!,;. I, Jr ''The ~5 Solullon· A formub for s) 
Lu RecogniUon tn the Uquld Sulc" Chm! fllr J 4 t0lb•10"..2 ll99 · 

I 
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3. 1 SOLVENT AND SOLUTION PROPERTILS 

3.1.3 Solubility 

. Most reactions that occur in solution require that the reactants be soluble. In general, re­
actions occur within homogem.'ous solutions. A homogeneous solution is one where there 
~rl' no precipitates, solids, or different pha,es. ln contrast, a heterogeneous solution has sol­
ids prl'Sl'nl or differl•nt phaSl's. Solubility is a complex phenomenon having both a thcrmo­
~ynamic and ,1 kinetic component. In general, if the solute can make more favorable interac­
tions with the solvent than the interactions formed with itself rn a crystal, the solute will 
dissolve. This di,cussion is a simple thl'rmodvnam1C analysis, but very often the "practical" 
~olubility is limited by the rate at which the solute crystal can break apart, losing molecules 
11110 the solution. Such kinetic considerations are hard to predict, and are usually just empiri­
cal observ,ltions. Therefore, we focus below on the thermodynamic aspects ofsolubilit}~ and 
we discuss thL• mobility of solutes. I lowe\'er, in all the~ discussions it is important to re­
m~mber thc1t the prc1ctkalities fao.~d in a laboratory are often more complex than the presen­
tatton giwn, often frustrating the diemist ,-vhcn he or she is working to dissolve a particu­
lar n.>act.int. 

Ge,wm/ Oz1en1it•w 

If a solute is to d1ssolw in a solvent, a reduction of Lhe Gibbs free energy of the system 
must occur (sec &•ction 3.1.5 for the mathematical descriplton). There Jre several elements 
th.11 c,,n be considered sepc1rately a., contributing to the free energy change, even though 
they do not occur St'parately during dissolution. First, a cnvity must be creaLed rn the sol­
vent. Thl• crl'alion of a c.1Vitv will be en tropically disadvantageous (sec Section 3.1. l), but 
also cnthalpically unfavorable because it leads lo fewer solvent- solvent interactions. The 
_higher the cohesive energ~• of the sol wn t per volume, the greater the cost of creating a cavity. 
lnis j., reflected in the o solvent p.1rametcrs discussed above. The second consideration for 
solubility is that the solute has to separate from the bull-. solute (dissolve), leading to fewer 
solutl•-solutl' inLernction'i. There 1s an enth.1lpic price to pay here, because intermolecular 
,olutl•-solutc interactions are brc,1king. Third, the solute must occupy the cavity created in 
thl• solvl•nt. This leads to soh-1:nt -solute interactions, which are enthalpically favorable. 
l.astl}~ thl•re is the l'ntropy of mixing, which is favorable because the solute crystal and pure 
solvent t.1ken togcth<.•r arc morl' ordered than the co-mixture of solvenL and solute'. The first 
l\'Vo considerations (the sOl\'cnt-sol\'l'nt and solute-solute interactions) can be tied to the 
heatso( Vi.lporiz,1tion of the solvent and solute, which correlate with their respective internal 
cnhesi\"enesses. The last two considerations (the enthalpy and entropy of solvent-solute m­
te:actions) give the cm.•rgy gainC'd upon sol va tion. Al I these contributors taken together con­
stit u ll• whJt is calk•d the solvation energy. If the solvent and solute have strong intcrmo­
k•cular intcrnctions, often .;imil.1r to the kinds of interactions formed between the solwnt 
rnoJt,culcs thl•mscl\-cs, high solubility will be the result. This leads to the familiar paradigm, 
"Like dissolves like". 

The solv,1tion energies for many solutes ha\'e been measured (we give some in Section 
3.2.2), ,,nd can be found in standard rcfori:-nces such as the CRC /-ln11dbook. However, the en­
ergy val UL' that is morl' useful is the free energy of transfer (.lG,,). This value measures the 
free cnl'rgy for tr,msfcrring a dilute solute from one solvent to another. Therefore, this num­
ber does not include the solute-solute interactions, but only focuses upon differential solva­
~ion between two solvents. Any ,ol\'ent can be chosen as the reference, and Table 3.4 gives a 
tew values for the s,llt Lt.i\J · J and for t-BuCI in several solvents relative to methanol. The 
,·alucs indicate that thl' only sol\'ent better than methanol f?~ ~olubilizing the salt 1s water, 
whereas the onh• soh·l•nt worse Lhan methanol for solub1lu:rng the organic structure is 
Watt.•r, too. The v:iluL's strongly reinforce the "like-dissolves-like" paradigm. 

In a solution, the solute and surrounding solvent molecules exert an attractive force on 
one anothl'r. This leads to aggregation of the soh:cnt ar?und th: sol~te, often causing the sol­
ute to act Jargt.•r than it', intrinsic size (see th~• d1~cu~~1on of d1~s10n below). The region of 
solwnt around the solute whose structure is significantly different than bull.,. solvent is 
called thl' cybotactic region. The , 1ze of the cybotactic region varies depending upon the di­
ck'ctnc rnnstant of the solvent ,md the nature of the solute. Charged or highly polar solutes 
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Solva11on of sodium cation by DMSO 

Table3.4 
.lC,, Values (in kcal/mol) Relative to Methanol" 

Solvent .lG.,0 (ll 1N I I .lG,, (1-BuCll 

\V,11\?r - 1.79 .5.26 

Ethanol 2.51 -0.29 
boprop,ln1ll 5.ll -0 34 

/-Butanol 8.29 - 0.5) 

D:-.1so ().IQ -0.12 

CH<..'\ 0.59 - 0.-l'-

Acetoiw 3.49 - 0.9'> 

Bt•nzenl• 26.U - 1.22 

'l,1nJ,l.,J~•'"J foml.m,, R. I' I (1'172). /11r :l.o,w,~,"'1'11slk\t11J/vt,'5 
I l,mdl,IOI.. Ara,1,•mn l'n:-;_,, :-.',·w Yori. 

orient high Jielectricsolwnt-. in the immediak vicinity of the solute due to the <,1rong sol\"a­
tton. I loweVt.'r, the ordering rapidly drops off with di,tance bec,lus<· the high c.Jidectric sol­
vent-. mediate the dectric field of the -.olutc. In low diekclric sol\'ents. the cybot,Ktk region 
around charged and polar molecule., is larger becau~e thl' electric fields extend further in 
spacl'. Interestingly. with ch,,rged and polar ..,o(utt's, the dt•n..,ity of the cybot,1etic region b 
larger th,1n the dcn..,ity of tlw bulk solvent, becau-,c lhl• sol\'atiun fom:.., pull tlw solH•nt in 
clo-.e to the solute. Thb lt•ilds lo ,1 phL'nomenon known.is electrostriction, giving a reduction 
in volume. 

ShtiJJe 

The -.hapl' of the individual molecules in a ~olvent has a large in0Ul'l1Cl' on the solwnt's 
ability to solubilL,;e ,olutes. ror l'X,lmple, molecules with thl•ir di poll' along the long molecu­
lar a'.llis can nicdy c..olubilizl' an ion becausl' Sl'\'l•ral solvent molecule!-i ran approach tlw ion 
(J:igurc 3.2). Hmv<.'H'r, when the dipole is ,,long the short axis, solvation is not very effl•tliv1.' 
because fewer molecules can appro,1ch the ion. 

Usi11g the "Lil,.e-Dissofoes-Like" Pt1rndigm 

As slated, "like dissolws like" is the guiding principle when considering solubility 
properties. ~olutl'S \\ ith full or parti,1I d1,1rgc" ,Ji..,soln• well in sulv,:nts with full or p.irti.il 
charges. Whl•n alll.'mpting to dissoh·e a highly charg1.•d or polar molecule, we -.tart hy trying 
the highly polar solvents, typic,1lly tho-.e with the higher dielectric constants. (.onver..d)j 
when di,solving an organic structure with little pnl.:irity, \,'est.Ht \\"ith -.oh-ents oflow p1)lar­
ily. Recall from Section 3 1.2 th«t the conn.•pt of polarity w.1~ diffkult lo dl•fint.·, but it is di­
rectly wlated to dipole moment.,, h) drogl'l1 bonding capabilitie<,, and polarizability. 

Hydrogen bonding play .. an important role in !-Olubility. Sol\'cnts capable of bl•ing hy­
drogen bond donor-. and/or acceptors arc very good at snlubilizing solutes that can also 
form hvdrogen bonds. Most polar organic molewle<.and tho"e that ha\'l' hydrogen bonding 
sites will dissolve in one or more of thl• following solvents: 11 lf1, acctonitrilc, DMSO D\lf-. 
and 11 MP A. b cm though water i-. very polar. mo .. t polar organic structures \·\'ill not Ji-.soln.> 
unless they poss<.•,s full positi\'c and / or ncgati\'l' charges, or ,uc -.mall molt•cuk•s huch as 
acetone and TI ff). Conversely~ nonpolar <.o(utc-. tend lo dissoke best in lowt•r polarity -.ol­
vcnt.,, such a-. ether, ethyl acetate, or toluene. 

We rnn cxamin1.' <,Orne of the ~olvcnt scale-. to predict solubility. I IMPA, D~1F, ,md 
DMSO all have very large hydrogen bond acceptingpvalul'"· This me,m-. tlwy arc good hy­
drogen bond acceptors, but also that they can coordinate to po.,itive charges wl'II. I lencc, 
thcsesolvcnl'ican often be used to ,olubilizc,1lkali ml'lal ,.ills <1f common organic mok•culcs 
due to their salvation of the cations. HMPA. D!'vtr, and Dllvt<-,0 ha,·e hydrogl•n bond do­
nating a soh-ent values of O.U, meaning that they h,l\ c no abillt) lo don.1t1.• cl hydrogen bond, 
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and lherl.'forc cannot readily stabilize negative charges. Indeed, these solvenb supply little 
lo no solv,1lion to anions. We will return to this effect when we explore the nucleophilicil} of 
anion-. in various sol\'enb in Chapter 8. 

Connections 

Solvation Can Affect Equilibria 

Sllnll' compt,undschangc their polarity and hydrogen 
bnnding c,1p,1bilitics in rt>arr,mgement proCl's-,cs. A proto­
typic.ii l'x,1mplt.> j., tautoml•rization. One of the most well 
!'>luJivd t,1utomcri1ation-, 1s thl• mtcrc;unversion of'.?­
hydro,ypyridirll' and 2-pJridune. The equilibrium 
bctw1•1•n thl'"l' I wo l,1utomcric forms is scn-.itive to the 
..,o(\'ent, wlwre the equilibrium b shifl~•d lo the tautomcr 
mo-;t st.1biliz1:d by ,otv.iliun. '.!-1 lydro,,:ypy ridine is mon.• 
stable in thl' g.is phase, but 2-pyridonc can be stabilized 
by pol.u -.ol\'1.>nts. The l.'quilibrium constanlo; in different 
solvcnh .ire ginm lwlm,·. 

Cl Koq (\ Solvent Keq . ~-
Gas phase 040 N OH N 0 

H Cyclohexane 1.7 
Chloroform 6 .0 

Tautomenzahon CH3CN 148 
Water 910 

3.1.4 Sol ule Mobility 

Although '.?-hydroxypyridine has an OI I group ,c1pa­
ble of hydrogen bonding, it i-. 2-pvndone that is bl'lter sta­
bili,ed 111 the high polaritv solvents. You are asked in the 
end-of-chapter bcrciscs to explain this dichotom}. 

Won~ \I. W., W1l:,,.•r,;. K. K, and hi...:h. 1\1, f "!-,olv,•nt Ht,..,i.. l. T,tuto• 
m,•nc l''luthbri,1 ot FurmJm1d,• Jnd 2·1'yndu1w 111 thl.'l,J, l'h,,"' and Solu• 
11,m. An,tbinilu•SlRf' Stud1•." /. /\111 C/1r111 _c;,,.-, 114 11>15(1'1'12) 

The ability uf an enzyme to bind its substrate, a carbonyl lo condense with an amine, or 
a Pd cc1talp,t to cuuph.• two alkcnvl halides, all depend:,, upon the reactants encountering 
cc1ch other in solution. The rate of the encounter-. depends upon the mobility of the solutes. 
Thus, before exploring reactivity (Part II of this book) or the structures of molecular com­
plexes (Chaptcr4), il isbe..,l to understand how molecular encounters occur. Herc we present 
a bril•f introduction into the molecular det.iils and mathematics of diffusion and molecular 
encounters. 

Diff11sio11 

fhc diffusion of a molecule' through a solvent is be<;! described asa "random walk". The 
molecule collide~ with solvt'n l molecules, changing direction and speed with each collision. 
Each little step (jostling) is smaller even tha n atomic sizes. because there is little space in a 
solvent for the solute to hop around in. Yet, the speed at which molecules diffuse is relatively 
rapid (sec below). Adding up all the random motions leads to what is referred to as Brown­
ian motion. 

Molecull•s wilh charges or dipoles diffuse slower in polar solvents. This slower diffu­
smn 1.., because polar molecules arc well sol\ated in polar solvents, and hence muslshed and 
interchange solwnt molecules a-. they diffuse, or they must lake the solvent with Lhcm. 
Shedding the solvent is costly. Hm·vcver, dragging the solvent is also costly because it results 
in increased friction Jue to the larger size of the entity that is moving. The friction that a sol­
ute feels .is it diffuse'> through a soh·ent is related to its size, shape, and Lhe viscosity o( the 
soh ent. 1 his friction enters into the equations for translation in solution and determines 
hm·" much solute molecules slm, down in each step of the random walk. 
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rick's Lmv of Diff11sio11 
Diffusion of a solute in,, solv(•nt b cau.,cd by ,1 concentration gradient. A thl'rmody­

namic dri\'ing forcL' (f) exists for diffusion of a solute toward a unifonn conccntr.ition of 
thl' ..,0 Jute, ,,·hich i.., ,1chie,·cd throughnut the -.ol\'l'nt at equilibrium. HowL'\'l'T on ,1 micro­
scopic level, l'VCn after bulk l'lJUilibrium ha.., been ,1d1ievcd, a snlutl' h,1s a d1wing force for 
Brownian motion. Thb is bec,wsc incrcmcnt.:il movement-. (il.,) takl' the solutL' to arL•as of in­
UL'mcntall) different solute concentration (;ic). The dridng force (at constant prc ... -.urc and 
temperature) (or the diffusion of cl solute in an id1;•al solution is given by fat. 3.6, where l' is 
concentratitm and-' is a onL•-dimcn-.ional .i:..i-. in sp,1ec. ·\fter diffcrcntiJtion WL' get faJ. 3.7. 

F _ R r ( _!line ) 
o\ 

F == RI / <Jc ) 
I d.\ 

Wt1- 3.6) 

(Eq. 3.7) 

fhe solulL' will ,1ehiew .i steady drift speed (s) determined by the thermodynamic drh·­
ing force, and the vi-.cous dr,1g from the c.ol\'l'nl. Thi.' ~olute Aux(/, the number of p.uticles 
pas-.ing throuHh a ~i\'l'n ar\.',l of span• per unit limt>) is the drift speed timcs the con(L•ntr.ihon 
(fa(. 3.8). Further, thL· flu, is determined by the diffw,ion coefficient (D, c1 proportionalit,· 
constant th,1t take'.'> into account thl· n.1ture of both the solull' ,rnd tht• solwnt) limes the co;­
cenlr.ition gr.idicnt (fa1. 3.9, which 1-. falled rick's law of dillu.,,on). lornbming Eqs. 3.7, 3.8, 
and 3.9 gives Eq. 3. 1 ll for thl• diffusion sp<.•cd or rate. 

I :-c 

/=-D(<>t ) ax 
DF 

S= R'I' 

(Eq. 3.8} 

(fa]. 3.9) 

(ElJ,3.10) 

To calcul,1te the speed (rate) at which a -.olutc will diffu-.1.· through a solution. \\'l' need to 
know the dm ing force for the diffusion, ,rnd the diffu-.ion coefficient tor tlw -.olutl' in the 
particular -.olvcnt. I'he diffu-.ion coe(flcient depends upon the sh,1p1.• of thl.' soluk• ,,nd the 
spl•cific kinlJ.., of interactions it has with lhl' -.okent. Furthl•r. the visn,-.ity of tlw-.olwnt itself 
affects the diffusion coefficient. Table 3.5 shows several diffusion col'fficienls for different 
kinds of specie!'! in different -.olvents. In general, standard r,1te con-.t,mts for diffusion of a 
solutL' through a soh cnt arc on the order of 105 to HJ'' s 1

• Therdorc, diffusion controlled re­
actions occur on a timescale of ns. 

Scn~ral interesting trends arise from the diffu-.ion coeffici1.•nb given in Table J.5. There is 
a largL' number for 11 in water, mc,ming that this ion mon!s the faste.,t of .ill specie, in wah.'r. 
This is due to a hopping mechanism, whereby the t 1• diffusl':- by transfer between water:, in­
stead of a~ a ... inglc intact t l;O ' mokcule diffusing through the water. Similarly, OJ I mi­
gratL•s quite rapidly, via dcprotonation of a neighboring water moh.•culc. In ~ener.:il, -.mailer 
molecules with little surface area diffuse rapidly through organic sol\'cnls. I lowc,·er, large 
biological molecules, such as the enzymes ribonucll'a-.e, ly-.ozrmc, ,1nd lhc o,ygen carrying 
proh .. •in hemoglobin, diffuse quitL' slowly. Finally, collagen, ,1 long polypcptidL•, diffusL':-,·ery 
slowly due to itsstring-likL' shape. 

Correlntio11 Times 

Correlation times for common organic molecull's can be thought of a .... rotation.11 diffu­
sion times. I'he correlation times indicate the time it takes for the mok•cular orient.1tion to bL' 
randomized rclati\'l' to the starting orientation. A common organic molecult.• rotates in sol­
vent,, ery much in the samL' manner that it diffusl's. Const.mt and continual collisions ran-



Table3.5 
Diffusion Coefficients (O)~ 

Solute 

II in w.1ter 9.3-
'~ in hl.'\clOl' • .1·' 
N,,· in w,11l-r 1.33· 
Sucro,e in Weller 0.52·' 
ltO in watcr 2.3'' 
Cll,inCU 1 2.9' 
Oil in water 5.3' 
Cl in walt•r 2.0' 
Ribonudt',l'it' in Weller 0.]2b 
Ly,ozymc in water (l.101' 

Scnim albumum in water 0.0591 

I lcmoglobin in water 0.069° 
Cllllagcn in wall'r 0.0069" 

•• ,11.in,, I' ( )'1'18). Phl(Srcal c,,..,,,*'"' nth ,,1 , W. l f. l'I'('\~ 

m.tn 1,n,I t:ornpJny. N~" York. 
•At 2<.1111-
,\t 2<11 K. 
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domly rotate the molecule .... Sm.111 molecules, especially thrn,e that are close to spherical, can 
rotall' mclrl' f rccly within a cluster of sol\'ent molecules, and hence they have very low corre­
lation limes. 

3.1.5 The Thermodynamics of Solutions 

Now th,11 wt' have a b,,..,ic understanding ot solvents and solutes, let's examine the ther­
moJynamic.., of solubility in more detail. The concepts involved lead directly to the thermo­
dyn,1mics of rt>action .... The second -.eclicm of this book delves into the kinetics and mech­
anisms of org.inic tr,msform.1tions, which are highly dependent upon the nature of the 
solvent and tht.• rcad<mts. I knee, many of the topics discussed above will be revisited in 
these dii;cus..,ions. 1 lmwwr, bl'cause the thermodynamics of solutions affects reactions and 
molvcular recognition (the topic of the next chapter), it makes sense to discuss the thermo­
dynamics of reaction.., here also Therefore, in this section \IVC explore the thermodynamic 
driving force for solubility ,md chemical re,1clions. 

Our go,11 b to answer the following question: "Why do chemical transformations spon­
taneously occur?" A"' with .111 concepts in chemistry, a quick and easy answer is, "Because 
the l'nl'rgy of the system decrc.ises". The deta,ls of this answer arc what is fascinating to 
chemists. 

There an• three kt•v tenets of thermodynamics that are important to an unden,tanding of 
solubility and chemical n•actions that we want to review here. The first is the concept of the 
chemical potential (p), the second is that all energies arc relative (recall Section 2.1), and the­
third is the mannc.•r in which the total Gibbs free energ) of a solulion varies as a function of 
composition. 

The Gibbs free energy (GFE, G) is the energy of an entire system at constant pressure. It 
is an important parameter, as the difference be-tween two GFEs is what most chemists use as 
the benchmark for the difference in stabilities of two "ystems. In the analysis given below, 
our system is a solution of solnmt and solut~s that can undergo a change in composition. 
Since crwrgie<. arc rel<1live, we nt.•ed a reference poinl lo which we relate the energie5 of the 
mol«:'cules that we arc studying. This naturally leads to the (act that the GFEs that we are in­
tcrcstt.>d in an.• differences 1n energ~ (.lG). Let's see how all these concepts arc developed 
mathl'tn,1tically. 
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Cl1L'111ical PotN1tia.l 

Recall from your physic.ii chemistry coursl's that lhl' stability of an ideal gas is in part re­
lated !tl lhl' vt>lumL' th.it lhL• gas occupil's. 'I he L•nlmpy l1f a g.1, b propurtion,1I lo 11R(ln V). 
Thi, dbcu,,ion i.., a ..,implt' statistical an,1l y,is, ..,taling that tlw numb1.•rol way, to arr,ingL' a 
sl'l number tlf g,1, molcnilcs (11) with a \'Olumc \' increases ,vith larger V. I lcrc, the cnt1n.•en­
semble of g,h molccull''> is ctmsidt•rcd to be more stabk• wlwn \ incrc,1,1.•..,, It i-. import.ml to 
note th.it the chemical ,tructure-. of the indi\'idual ga, molecule, th1.'m,elH•s ha\'c 1111/ bc­
cumt• mor1.• ,table jt1"I lx-cau..,c they occupy ,1 l,1rger volume. 

ldw1l gasL'" arL' not \'cry rck\·ant Lo most org,rnk chemistry re ..... an:h ln,l1.•,1d, \\'L' need to 
an,1lyz1.• !->olutions. r-urther, our goal is lo ,111aly:n· rL•action, in ..,olutions. R1.•,Klions ,ire con­
trolled by the ,t.ibility of the entire solution \\'hen reactant., arl' mi:\cd, not (tht the sl,1bility 
of the indi\'id ual reactants. I lenn•, our analy,is needs lo focu ... upon ,olution, as a prelude lo 
under..,landing reaction ... In es.,L·ncc, we nt•t•d to under,l,md lww tlw stability uf ,1 ..,olution 
varil's .,.., ,1 function of the ,1ddition of rcacl,111ts. Lei's ..,larl by ,rnalyzing llw addition of a sin­
glL· rL·ai:t,1111, hc1L'in c,1llt>d a solull' as we haw done throughoul this ch,1pter. 

ror a solute di ...... nlvt'd in a soh'L'nl, thl' entropy of till' solution bl•Coml', l.irgt'r ,1.., the .,ol­
ule is diluted, an effect that lowers the overc1II Gibb!,, frL•c energy of th1.• ..,ofution. This is .111,1l0-
gous lo 111crt•as111g the volume for a gas. ·1 he favorable t•ntrnpy c.111 be derived from thl' ,ta­
listical nwch.1nic, of mi\ing. ThL• ,olutc has morl' w,,y.., lo occupy lhL• \'L''-'>l'I when it isdilulL•. 

Jhe l,f E of the ..,olution abo include.., th1.• energy of the individual solute and ..,olvcnl 
mulecuh..''>. All the normal enthalpy and entropy factor.., associated with stn,durc ,1nd en­
ergy given in the la,t two chapter?- (bond str,mgths, st r,1in,, snlvation, dq~rl'l'S of frL'cdom, 
etc.) .ire con,idt·rt•d. Hence, the CFE of the solution i ... a complkatcd sum of ll•rm.., relkcling 
tlw ..,tability ot th!! solwnl, the solute, "iOl\',llion, and importanll)~ tlw L'nlropy of mi,ing tlw 
solute with lh1..• solvl'nt. 

Todetermirw lhc GrEof a solution, a lt•rm calk•d tlwchemical potential (p) of thL· solull.' 
is detined.1 he chemical potential ol A(µ") j.., the extent lo which thl•GFE of the solution (G,, 
when.• I s t,inds for lt>t,11) will change duL' to ,1 changL' in thL• amount of solull• A (Eq. 3.11, 
vvlwre 11 ,, is the numbcroi moll•s of A). Tht• chrmical potential thcn.•forc tdb u-. htlw the sta­
bility or a solution ch,inge ... as a function of wmposil1on, whcrt• the soluli<ln will sponlanL·­
ow,ly evolve toward gn,,,1t1.•r stability (lmvl'r G,). I knee,µ" is the link lwtwl'en l'lll'Q•W and 
spontaneous changt•s in cornpo,ition, such as .solutes dissol\'ing ,:ind chemical rc.1ctions oc­
curring. For a single solute, it j.., com enicnt tu think of th"• ch1.m1ic.1l polL•ntial of thl• solute as 
tlw driving torcc for dbsol\'ing mtlrc A into tlw solution, or precipitating A out of ,olutilm. 
This changl'S for each specific ammmt of A already dissolvl!d. Em·rgy is not force, but dri\•­
ing force gi\'cs a gnod mental image. 

(Eq.3.11) 

MorL' prl•l'i,el)~ chemical potl'nlial is analogous to potential energy. Tlw higher potential 
energy of a compressed spring rdatiH· to a rchl'\ed spring tells us that ,1 sponl,lnl'Oll" changL· 
will occur when the spring is rdcast•d. Similarl)j a higher chemical potential for a ,olulion 
with a p.irticular amount of A dissolved tells us that the concentration of A will spontan1.•­
ously incrL',1-.c tlr dccrc,N• if given a chance. 

Thl' total C.FE of the ..,oJution for any particular amount of A di,sulwd is rcprL·sented by 
Eq. 3.12. 1 his take, into account the clwmical polL•nlial of the solvent also (p~). The chL'mical 
potenti,11 of the '-Olwnl would be the change in GFE of tht' solution as a tunction ol tht• moles 
of sol\'L'nl mok•culL•, in thL' solution (an l'qualion an,,logous to l:q. 3.11 ). 

(Eq. 3.12) 

Rl"mcmber, l'rwrgy ,~ relali\'c. To dctermint• Lhl· magnitude of the dwmic,1I potential that 
dri\'e., a ch,rngl' in lhl• composition of lht• solution, \\'L' m•1.·d ,1 reil'n'nCl! ?->t,1lt>-deiincd for a 
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p.trliculc1r amount of A dissolved in thesolnmt. The chemical potential of A would therefore 
be the chemical potential al this reference state (µA?) plus a correction for changing the sys­
tem away from this stale (Eq. 3.13). The RT 1n(n ,) term is the correction to the chemical po­
tential al conditions different than the reference state. 

(Eq. 3.13) 

The activity of A (n,.) is used in the correction because we are concerned with the 
amount of A in the solution (11 .d that affects the entropy of mixing. In our analvsis, we define 
the activity as in Eq. 3.1-l, where r is the activity coefficient (see Section 5.2.4 for a more thor­
ough discussion of acli\'ilics). Activity is " like" concentration but without units. I I ere I A]., is 
., rdcrl'ncc concentration, set lo 1 M (sec discussion later in this section). Activity coefficients 
n.•Oect the fact that solutes undergo non-ideal behavior, such as aggregation, which de­
creast''i the number of particles in solution. The activity gi\'es the number of particles of the 
solute in the solution that affect the entropy of mixing. You may recall from a course in quan­
til.1tini analysis that the activity coefficients for dilute solutions of ions can be estimated us­
mg Oebye-Hlickel theory, which uses interionic forces to estimate aggregation state. For 
nov,, n•,,lizc that Lhe rnluc of the activity of a compound approaches the concentration of 
that cum pound as Lhc compound's molarity goes to zero. 

yfA] 
nA = [Al; (Eq. 3.14) 

Lt•t'!-> look at some of the ramifications of Eq. 3.13. Figure 3.3 shows a plot of the total 
Gibbs free energy of solution as a function of the activity of A. The slope at any point along 
tlw cur\'c is the chem1Cal potential of the solution. When no A has been added to the solution 
there is an infinite driving force to diS5olve A in the solvent. This tells w, that all molecules 
will dissolvc in all sohenb,at ka!.t to some extent. If solid A is added to the solvent, a sponta­
neous evolution will t<1ke place causing some A to dissolve. When the GFE is at a minimum, 
there is no longer i:IHY potential energy in the solution to be released when dissolving more 
A. When the activity of A is 1, Eq. 1.13 tells us thatµ,. =µt. Yet, theslopelhatcorrespondsto 
µ" ,.., for an arbitrary point along the curve, defined by whatever we choose as the standard 
slate. rhcrefort', we now ha,·e to define a standard state. The s tandard state is taken as the 
concentration of A being a molaritv or molality of one (we use molarity here). Therefore [A 1., 
= IM in Eq.3.1-l .ind the activity of A is simply rlAJ/1 M, which has no units. 

Slope at any c:f \~ ) 
particular 

actMty is µA / Slope lor the standard 
'-..._ state of A 1s µA• 

- ' ./ 

n,. .. ""-. 
ActtV1ty of A for the 
standard stale of A; 
(A)= 1 M 

Figure3.3 
Plot of the total GFE a, a function of the activih· 
of a wlute A The slope al each point in the cu~•e 
is tht! chemical potential of solute A(µ..,). There 
i, one specific slope that is defined a'> the refenmce 
point. This is the '<lope.• for the acti\'ily of A when 
[Al ,,. IM(µ..,) 

To summarize, the Gibbs free energy (stability) of a solution has mulliplc factors associ­
ated with it. Fir.,t, there 1s the intrinsic stability of the solvent, the intrinsic s tability of the sol­
ute, and the resulting solvation upon their interaction. Yet, there is also an important factor 
related to the mixing of the solvent and solute. We combine all these factors into the notion 
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of the total GFE. The change in total GfE as a funclion of composition i.., used to Jderminc if 
changes in the solution will occur, a nolion called the chemical potenti.11. We need a reforcncc 
point (or the chemical potential, which is defined a-, the change in Gibbs free energy of the 
solution as a function of composition for concentration-. of -.;olute .,ta molarit, of 1. We can 
now lie this analr,i'> to Lhe driving force for reactions. 

T/,e Tl1ermody11n111ics of Renctio11s 

1o analvzc the thcrmodyn,m1ics of a sample waction as gi\'en in Eq. 3.15, we compare the 
stability of .:i solulion of A and a solution ofB. Thl.' .inalysisdot's not tell us iflhcrc is a plausi­
ble pathway conneding A and 13, but only whether A or B will domin,1tc al equilibrium ,rnd 
to what extent. We ~tart by writing an equiltion for B that,., idt'nlkal to Eq.3.13. We thcn-.;ub­
tracl the c<.1uations for Band A lo achieve Eq. 3.16. 

A-- · B (Eq.3.15) 

(Eq.3.16) 

Sinceµ" andµo arc slopes tlwm~l\'CS, it can be shown th.1tµ9-µ A is the !--lope of the crE 
of the solution when plotted against a par,1melcr c,1llcd the L•,tenl o( .:i rl'aclion th,1t conwr!s 
A Lo B (you arc asked lo show this in lht• cnd-of-ch,,pler Exercises). The extent of reaction is 
designated by~. and starts al O with the mole fr.idion of 8 bl'ing zero (activity equals 1t•ro 
also), and ends at l, which -.ignific-. th,11 all of Awa, convcrtcd Lo B. Since tht• p's are ,1ktn to 
driving forces for changing thl• composition of the solution with rl.'spcct lo c,1th singll• sol· 
ulc, a difference in 11's for individual solutes mu!--t bl' Lhc driv mg force for inlt•rd,anging tl~l' 
composition of the !--Olution by interchanging tho!--t•solutcs. In othl'r words, th1!--difforence ~.., 
Lhc potential energy stored in,, solulion rl•ady to be rclea-.;ed ,.., hen the reaction occur'>, in thi~ 
case A to B. This analy-.;is is cxprcs.scd by Eq. 3.17, ,,nd i!. norm.11ly de!--1gnatcd il!-- .iG"·'· 

c.lG.-.11 
a~ 

(Cq. '.t 17) 

If we now define Jlu
0 -µ,,0 ,l!-- .iG,., , Wl' obt,1in Fq. 3.18. I his equ,11lon ,1l lo\\'!'> us to rl'l,,te 

the driving force (.iG,.") for inlcrconvcrling A and B lo tht•ir activilies. When .iG,-n i!-- nl•ga· 
live, increasing the amount of B results in a lowering of the ..,olution'-.; C.fE, ,ind is a thermo­
dynamically favorable process Lhat will occurspontancouslv. ln fact, ii no Bis pn.:scnt, there 
is infinite dri,·ing fore<.' Lo form some 8. (onvcrscly, when .iG"'" is po!--ilive, B will reverl Ill A, 
and if only Bis prc-.;cnl, there is an infinite driving force to create some A. figure 3A sht1uld 
make thi.., clear; the -.;olution will always spontancow,lv evol\'e in the direction that lowl'l"i 
the total c1:E of Lhc solution. · 

figure3.4 
·\ plot of thl· Iola I CF£: of the '-Olution as c1 functi1,n 
uf the e,knl uf inll·rcon\'t>rsion of A ,ind B (.;). 
The slop!.' al l•ach ~ •~ 1G.-.n, which is the dri\'m~ 
force for ,1chil•ving '-'quilibrium. Whl•n equilibrium 
i, ,ichien•d, 1G,.n j-. /l'rll. Slope at any 

pan1cu1ar ~ 1s .,G,." 

(Eq. 3. JS) 

'- _./ 

0 
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f ~o_wt•\ l'r, defining (;1C,.,,11 / ii.;) as 1G,.,,n is a bit confusing. Wl' normally think of a .ic term 
,,~., dr(tl're'.Ke bl'lween two energy state.,. In this case you might think it would represent the 
diffonmc~ rn energy of the solution at any point; and the minimum possible energy. This, 
howe\'cr, rs_ incorrect. Instead, .ic"'" is the slope of the function that relates the change in GFE 
l~ tl~e_:-.olutron to the extent of the reaction. It is t.hc driving force for achil•ving the minimum 
C.Fh tor the 1'0lution at a particu!Jr composition of A and B, and is zero when equilibrium 
has bel'n achieved. This is similM to the notion thatp wnsakin to a driving force for lowering 
the cncrg\ of a solution upon dissolving .1 solute. 
. Thl• .lG, .,." i-. ,1 term ot paramount importance..'. Understanding the meaning of this term 
ts One ol the prime go.1ls of this discussion. Unlike .1G,...,,, .1C,, ,,° dOl'S truly rl'flect a difference 
111 Gibb, free energies bl•twcl•n two p.utkular compositions of a solution. The reason is as 
follows. We defined .1G,,/ asp11°-p,, 0

, the diffl•rence in the chemical potentials of A and Bin 
thl'ir respl•clive stand,mi slates. Thi.' total Gf E (G1) for an ideal solution of A and Bin solvent 
S would bl• L'xprcssed by Eq. 3.19. 

(Eq. 3.19) 

Now \\'l' dl'fine :lC,,.n ° to bl• a per mole quantity. Hence, when a solution of one mole of A is 
considl'rl'd at its sl,indard :,;tall' we get C,,0 = µ,, t 11.,,µ..,, and ,...,hen one mole of Bis consid­
~r~,d ,lt itsstand.1rd st,1te we gl'I GB0 = p0A I 11..,µ,,. Therefore, if we solve for p 11 µ.,,we find 
11 rs ,1 diffl•rcncc of two Gibbs free energies, G11 - G., (with the assumption thatµ.,, does not 
change \vith composition). ThL•rdore, .1G .. ~ is the diffenmo? in the stability of a solution of 
onL• mole of A in its standard slatt•c1nd a solution ol one mole of Bin its standard Stelle. Stated 
in ,lnothl•r wa}~ it is the energy difference for the cnnnm,ion of one mole of A to one mole of 
B, both ,11 tlwirst,mdard stalL'1', This take, into account the intrinsic stabilities of the solutions 
of th<.• two Sl'pt1ralc solutes wlwn ,11 their st,111dard stc1tl";, which includes the stabilities of the 
solull's themst>lvcs. 

Sinc1.• ,irth·ities Ml' commonlv assumed l<l be close to concentrations, Eq. 3.18 rcduccs to 
the more familar f.:q. 3.20, wher1.• Q = IBJ/IAJ. This equation is simply another(and approxi­
mate) \\'<l}' of expressing Eq. 3.J 8. It gin•:; the driving lorce that exists for a reaction to occur 
whl•n lhl' conn•ntration-. ofB ,rnd A do not reflect the diffl'rence in the intrinsic Gibbs free en­
ergies of lhL•ir respective !->Olutions ,ll standard st,1tes (.1G,,n ). 

,\G = AGrxno + Rf lnQ "" . (Eq. 3.20) 

. After the Cibbs f rcl' energy of the solution has lx>cn minimi7:cd, .1G......, is zero. Now the 
r,11to of B to A doL's rl'llect the intrinsic stabilities of scp.uate solutmns of Band A at standard 
st.1ll's. Equilibrium is said 10 have bet!n ,1ehien.'d, and Band A .uc at their equilibrium con­
Cl'ntration-;. At this point Q is defined as f<.,1, the equilibrium constant. When equilibrium 
h,1s been achic,·ed, we c.>n rearrange Eq. 3.20 to Eq. 3.21. k,'1 thcrcf?re reflcc~ a ratio of B to 
A which is indicath·e of thl' intrinsic st,1balities of A and B, the relative c;;olvaLion of A and B, 
and lhl• entropies of mh.ing A. B, and the solvent, at the standard states of A and B . 

..\G 0 , -RT lnkl,q 
"" (Eq. 3.21) 

You might be wondering h<m' we mea,urt' .1G"/ ~alues !f the standard state experi­
mental condition!-, ilre m'ver w,cd. In fact, it is physically 1mpo!..s1ble to convert one mole of A 
complell•h· to a mule of B both al their standard states. I lcnce, the notion of the standard 
st,lll' is a bit e,ott•ric.. Jmportantl)~ our analysis h~d thb in mind. Once ~guilibrium has been 
,lchicved, reg,mlless of the ,1ctual concentrati()ns im:olv_<.•d,_ the ma~ner m which we have set 
~pour ?nalysis leads lo GFr value., thc1t rctll•CI the 111trrns1c stab1l1tre., of solutions of A and 

at their standard !--latcs. . . 
Onl' important ramification of our analysb nel•ds t~ be mentao~cd at this stage. With an 

l~quilibriun, whL•rc both thL• forward and reverse rea:l•ons an> u111molccular, the composi­
lton of till• solution c.u1 bl' directly determined by the K.,,q· In other word.,, for all total concen-
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trations of reactants and products in the reaction Aask, the ri1lio of reaclanh and product!; at 
equilibrium j-, given by K,,

1
• This is quite different for equilibria that in\'olve reactions of dif­

ferent molecularit, in Lhc forward and rc\'erse reaction-.. When the molccu lari ties of the for­
ward and r,eversc reactions .,re different, the composition of the -.olution ,1t equilibrium 
changes depending upon thL· total concentration of reactants and products, cnm though the 
value of k .. 1 docs not change. Look ahead to Section ~.1.1 to sec thi-.. 

Lastlv, have you ever wondered why a reaction of A gl,ing to B that is exothermic docs 
not just totally convert to all B' After all, if Bis more stable, why doesn't ,111 A justcompletdy 
become B? Inherent in the question is the focl that the term exothermic rl'lates to enthalpy. 
An exothermic reaction means that the intrim,ic !-itability of-.ol\'.-ttcd Bis greall•r than the st'1-

bility of solvated A. I lowevcr, in our discu-.sion of the thennodyn,,mk:-. just abo,·c, we_anaf 
lyzed solutions of A and B mixed together, ,md focu~cd upon lhe total Gibb:- frl.>C cncrgic:-o 
the solution lo describe the reaction. We found an infinite dri,·ing forte for creating A or 6 

when starting with pure B or A, respectively. Smee it is the sl.1biltty of the o\'crall solullOO 
that dictates reactions, not just the !'>tability of the -.olutcs themselves, there will ah,~,,~-.,~ 
some of A and B present independent of how large the c.!ndothcrmic1t'. or exothcrniicity 0 

the reaction. The fundamental reason for this is the t'nlropy of thl• solution, which b always 
more favorable\\ hen some of A and B arc prc!>cnt, regardless of the stabilitic,; of A and B. f 

Since it i'> the .1G, , n° th.1t controls any equilibrium, and Wl' ha\'C now found that part 0 

thic; .1G0 depend'> upon the mixing of solutions, how do we dcterminl' just the stabilit, of the 
reactants and products independent of the mhing' In the last ch.1pler Wl' f()(uscd u p~n cn­
thalp} changes lo determine the stability of organic structures. Therefore, we would hi...: to 
calculate whether a rl•action is exothl•rm1c or endothermic to makt.> this determination­
l lcncc, we need .1/ f values. 

Calculating M l and .iS 

We will spend a signifkant amount of the next chapter analvzing method" to mca:,;urc 
equilibrium constants, from which the standard C,I· E of the reacti~m c,111 be deri\'cd using ~q-
3.21. Yet, a lot of chl'mical insight derives from measuring :lJ /0 and .iS . This c,1n he quit~ 
easily done using a van ' t Hoff analysis By substituting the Gibbs fn:L' enl'rg}' ct1uation, :iG 

j,f/ - T ..iS , into Eq. 1.21 ,1nd rearranging, we get Eq. 3.22. A plot of Ink, versus I/ T give" 
a ..il I value from the slope and a .1S \'alue from the intercept. I knee, by measuring "•"1 val­
ue!- at a variety of temperatures, the enthalpy and entropy of reaction ,an be deter~1ned, 
and we show one example in the following Connections highlight. A str,1ight lin(' is ob­
tained in a van't Hoff analp,is only 1f the heat capacity(~(. ") of the solution doc, not ch,rnge 
(see Chapter 4) Cun·ature in a van't Hofl plot indicates that .1C, 'I- O. 

lnK = - '\II \S' 
'"1 RT + R 

(Eq. J.22) 

In summary, it i'> clear that the Gibbs f rl?C energ~ of solutions pl,1ys a pi\'OtJI n1le in th_e 
thermodynamic:-. of chcm1cal reacllons. In the la!:.t chaplt'r w~• e"nmined the ~tabilil\ ol van· 
ous organic structures, which is p.irl of this total Gibbs free l'nergy. Now, in this chapte~, \\'C 

found that the nature of the c;olwnt, the resulting interactions with the solutes (soJvation), 
and the '>imple act of mixing solutes and solvents, an.' also part of the total C,fE. lt is now ap~ 
proprialc to explore the interactions between '>ulvc.>nh and solutes, and between ,;;ulutes 
themselves, in detail. Once we understand thesl• interadiuns, we can put togl'ther all the 
concepts-chemical structure and stability, sol vat ion, and total Gibbs frl'cencrgy-and start 
to explore some reactions. 

3.2 Binding Forces 

Now that we have a background mto the structure of solvents, insight into pol,uity par,irn­
eter-., and solute mob1hl), it 1s hme to explore the forces that hold thl' sol\'ent rnoll'culcs 
together. The same interactions that hold solvent mokculcs together .ire tho-.c that cau~c 
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Connections 

A van't Hoff Analysis of the Formation 
of a Stable Carbene I equilibrium wi~h the carbene ..,hown. The equilibrium 

constants for th,s transformation were c'"'t • . d 
1 (I fu . •"' l:rmmc asa 
n · 1aptl"r JI \H' will discuss thl• structure and reacltvitv 

I 
nct,on of temperature, and Lhe van't J Joff I I h ·. 

of Cilrlwnl'"· Tlw-.e ,lre tradilion,1llv l'Xlremelv unst,1bk• gave J.H = 13.7 kcal / mol and J.S ' = 30.4 e!. ;h; b:~; 
"true lure,, ,, hen• carbon nnh has six dectnms. I lowever, strengtli for the double bond (13.7 kcal / mol) · . . 
th" , f . . II . 1 1 . _ 1sexception-

"'rl; an.• c,1se, o st,1ble carbcncs, typically possessing res- / a \ ow re alive lo normal C = C bond o;Lrengths (approxi-
onance structures\\ 1th stab,lizmg foatures such as zwitter- mate I~• 160 kcal I mol; see Chapter 2). 
1on1c and ,1romatic ch,u,lClN. For e.,,1mple, the following 
c,1rbl'nt' A can bl· ,solatl•d .ind dOl's not dimcriLc to,, 
!l'lr,1aminol'thyk•1w dl•rivatiw. Yet, carbene B dimerizl'" 
trrevl•r-.ibly, pn.•sum,1bly due to the lad.: of addition,1I 
aromatic !->t,1bility. 

A. 

B. 

R 
·;,{ 

(> 
.N . \ 

A 

R 
N l ): 

.N . \ 

A 

-
-

A 
r,[0 

( )0-
,N . \ 

R 

R R 
,./0 ·;..f C }:0 - C ) :0 

.N Ne . ' \ R R 

Stable carbenes 

I 
I 
I 
I 
I 
I 
I 

- 2 ' • 

J 
E 

- 8 
0.0025 

Reversible carbene rormation 

• ,., 
'-. 

... 
• 

• 
' • 

1/ T(K-1) 
0.0033 

As a me.rn, to ml•,1su re thl' l.foubll' bond strength in 
•1 ll..•lrc1,in1ino-subst1luted dhvk•nc, thl• slnicturv shown to 
lht• right was synthcsi1ed. 1 hi..., compound doc, exist in 

I -I 111. \:, I mJm•r, I\ f:, and Lem.ii. D. \I ' 'Th1-rmv<l•·Mm f D · 
• . .r 1"" o .1 ,Jmano-, 

curht'llt!- l,•1rJ,1mm0t•thyknd'quilit>rlum " / •\m Cit c 
(l '/9Q). . ' " · ""'· .-..• 121 I Oli2b 

s~J_utc .... tu dissolw, ,rnd an~ rcc;ponsible for solutL"-hOlute interactions and molecular recog­
nrtiun. Often, these binding forcL's ,ire present within the same molecule, such as inlramolec­
ular hydrogen bonding. Hence, we examine the binding forces all together, and do not nec­
c~sarily focu .... upon intermolecular or inlramolecular interactions. The interactions can be a& 
simple as the electrostatic ,1ttraclion between a small cation and a small anion, or as complex 
i)..., those a ... sociatcd with tlw multi-component cnzymt' assemblie& that initiate gene exprcs­
.c;ion. Henrn, we use the term solute to refer to any species dissolveu in a solvent, from a sim­
ple ion to ,1 complex biomolecule. 

In most cases the binding forces dbcusscd herein arc weak. Therefore, in reading the fol­
lowing sertions, it ma\ ill tiffil'S seem thal we are dic;cussing such \'veak phenomena that the 
forcl•s c1rc insignificant. On the contrar}~ we wil_l demonstrate ~hat coopcrntivity among 
many weak 1nteractioni.; can be quite powerful. Jt 1c; an accu mulation of many weal... interac­
tion-. that leads to Jc1rgc binding forces between &olutcs (molecular recognition). This is pcr­
v,1sivefy true.• both in chL•mic;il biolog) and in materials chemistry, and il is a phenomenon 

we will consistcntlr obsern~. 

3.2.1 Jon Pairing Interactions 

Oppo!>itcly ch,1rgcd ion" ,1ttract each other strongly. ln the gas phase the "binding" be­
tween a :.implc cation and <l simple anion c,,n be worth well over 100 kcal/ mol. The major 
contributor to the binding is an electrostatic interaction. W~ will be dbcussing electrostatics 
~.xtcnsively in this section, and i{ j -, important to be clear on rts usage here. By an electrostatic 
rntcr,1ction, we mean ,1 stricllv Coulombic attraction or repulsion behvcen charges or partial 
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. · , The 
h . . d . h 1 • th, 10tcracllll1 · charges that cxi_stcd prior to t e interaction ,m rcmam unc angeu in c 

I 
t ,cthl•r, 

· II I' d S Id fi t b · l · 1 mokct• c:. 0 f> last restriction 1., not umvl'rsa \' app It' . ome wou rs nng \H :I then 
· · . • . h th • n:st•ncc, anl allow their charge distributions to rearr,mge in rc:-.ponsc to cac o er:-, P ,(e ·tro· 

. • ·1. • t 1 be an 1.: l cl1nsider the Coulombic interaction of these altl'rl•d charge d1slnt1utmns l ." •• 11 rc-
h. · bl · I · I 1 I ' · .,.l'r "c "1 

._tatic interaction. T 1s 1s not an unrc,1sona c tvpL' ol ana vs1s. ~L'n:.', ,o 'l: • .. ge;,d 
~ • • I r l n:,1rra .. 
lain the "static" of elcctrost,1lic, .ind we will com,idcr bind in~ that n:sll t<: ron 

charge distributions lo be 1101 a strictly clcctm-.tatic effect. . , ti at the 
An ion pair is defined to exist whcm a ca lion and anion arc do~cenough in ,pac~ y 

1
, (RT) 

L•nergv associ,1tcd with their electrostatic allraction is lar~cr than the therm.ii ent.:r~) 
1

, re· 
avail~ble to scpar,1le them. This means that the ion._ stay ,1ssol'i,1lt'd tm,~l'r th,rn th~ 

1111 
~iwd 

• · • • • \H I . • alrcadv l:'-•1m quired (or Browni,m motion lo separate non-mtcr.1ctmg spl'CICS. vvc ,a, c . . , ,r~h• 
the energy belwcL·n l wo charges al a d islanCl' r (Eq. 3.1 ), ,md found it to depend 11

" ~ ~ di· 
upon the dielectric wnstanl. HL•ncc, lhe L'xlent of ion pairing wil\ Jbo dt•pL•nd ~•~on: ,:il•d, 
ekctric constant ot lh1t solvent. The iiwcrsc correlation with dil'lectric nmstant is imf ~. (t'n­

bccause other interactions between tht• cation and ,mion ran be in\'olvcd. l~1~ diekcl.~l igt?ll 

st.ml or the ~oh'ent docs not lake into account tht• '-pt•cific coordinating ,1bihly M h) .. ~ and 
bonding abilit) of lhL• solvent l0\'1.\lrd particular cations or anion,. Further, the siz\llk'· 
shape of the anionc.; and ca lions ,,·ill influcncl' lhdr cncrgv of ,1llraclion. 'I hL• sl,twnt 

1
• • ilh' 

· h' I · , tropic, • culcsatso become vcrv organized when surrnunding t1 c,1lion or anion, w 1c l 1su, . ,111._ 
• . • . · , JUll'l'll1~ . 

costly, whL'Tl'as the :-.urf,1ec around an 1011 pair 1s sm.-illcr and the solvat1on_l'IJl wJnS 
tower. Thu-,, ion pair formation can be vie\,'l'd as a compelilion with ion ,olv,1t1on 3"'111 ,Jin 
tu tower the C..ibbs free energy of the sulution. Since most Mganic reactions arc pl'rforO'll: (lir 

f I l . I I d · I · · · · · h ,,,uml'11011 
solvent, o re a l\'l' y ow 1e cl'tnc constant, 10n p,1mng 1,; a common p le 

chargeJ reactivl' intermediates (rarboc,,tion-. and c.irbanions). . ·) "'l' 

Since Coulomb's law (Eq. 3.1) include.:; the dicll•clril nm-.tanl of thL' nwdiurn (t 1 1..e 
l'xped tht• energetics of ,111 ion pair lo be medium dl'pendent On mewing irom the ~,,-:_P,:ig· 
(e = 1) to ,111 organic solvent (e < 10), thl' energy o( an ion pair is still c,pl'clcd h1 be quilt ;t•d, 
nificant. I fowe,·t•r, in water, with 1, = 78, the interaction should be sub-.l,mtially ,,ttcnl;-\ in 
ln other word-., we do not cxpt.!cl oppositely charged ions to bind tightly lo om• anot_w l'ro 
watl'r. Sodium chloride. (orcx,1mplc, bdbsociatcd in water. Noll' th,,t Wl' du not e,pt:d 

1 

binding_ l't~ergy in water, only a rl'l,llivcly ~m,111 binding cncrg). . l'atinS 
. _ lame mtcracllllns become ~tronger \\:1th polyions. A plllvinn i, a p~1lynwr o~ r~ ~ di._ .. n· 
ionized uml~. For cliample, a d1lute ,oluhon of ~odium acet,1le 111 w,1lcr 1s cc1mpk k 1} . ..,., 
. . . d' Ill ll1•· 

oated, while poly.1crylate 1-{0 I.Cl !CO2 )"-I has a sub~tantial iraclion of the Sl' Ill SI.,. 
d h I ·1·h· I · · tr~.,l to boun to t e po ymcr. 1s po ymcr 1s n?lt•rrt•d to ,ts .1 weak electrolyte, in con ' If• 

dium acetate, which is a strong electrolyte. The large nl•g,1t1w chargl' density on the r~~j:l" 
mer leads lo a greatcr_fr?cl1on of the,odiums being held in tht• \'icinity of t.lw p~1lymt•r~: ,hall' 
logical example of this 1s DNA and RNA, which Ml' repeating units of nl'g,,tl\ e phl f .. c-,ci· 
dicslcrs. These struclurt•s arc well k.nnwn lo have largt• numbers of cations clo-.ely •1'­
atcd with the !'\I rands. 

Salt Bridges 
. bill" 

. We haw a!r~ady noted previously lhat in mokcuhu rct0grnlion, and e~pecic1II)' 1~l•r ri 
log,cal recognillon, 1,age effects oflcn result from the acrnmulation uf a largl' nu!ll •e;il-: 
small effects. Thus, il becomes quite imporlanl to di,tinV11ish "no interaction" frol11_ J \'. ,.; 
· · d () l k I ' I f o- t J' 11ncl1l'1 
interaction, an . ca , mo rom 1.0 k.cal / mol. Not surprisingh·, whl•n :-;n1c1l c11s 
arc controlling, soml' dl·b,,tl' an~ ev~n controversy can arise. • . e. 

1
\ 

1 he controversy can be qu1lc mtcnsL' when ii is in the context nf thl' salt bnds_1 ll' I b . I . . . I.... . bO' \ '1 
sa l m. gc 1s ,1n ion pair vclweL·n two side cha ms of a pmtein The anion i., .i c,1r . •. 111 

GI ) d I · . · · :\1f1ltl (from Asp or u an t w cation 1s an ammonium (RNI I • from L\'o.;) l\l' a gu.iniL .. 
1 

,7 
I RN HC{NH2)t, from ArgJ. le> what extmt do sail bridgc,

3 
;on tribute to protdn ~1,,t,lh \ 

T~erc i~ no simple a~swl'r. We shou!d anticipate that context would bl.' import,,nt. If t~l'~~ri' 
bridge ts on the surface of tht.> protem, the dielectric constant -.huuld lw clo,c to that c I P •n, 

Sh " d" ltb'I · h ·1·t•J\gill water. ~c an expose .. sa_ ~c_ge nng l contribute very little to pn\lCin stab1 I )·n•aK elf 
ammonium acetate 1-; d1ssoc1att.:d 111 water, so an Asp••• l.ys s,tlt bridgl' !-hnuld be' 
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n1.•gligi~lt? in ?ulk water. Allcrnalivel}~ the salt bridge might be somewhat or completely 
burtl.'d tn thL• mll'rior of thl' protein. I Jere the question of dielectric constant becomes com-
plex. Often ,ln "cffL•1.:live dil'IL'Clric" constant anywhere in the range of 4-37 is ascribed to the \ Exposed 

intt•norof a protein. Hm\'ever, we are no longer in a rdativdy homogeneous medium like in 
a pu.re sol\'cnl, and so any such apprm.imation must be considered fairly crude 

r hl' con-,L•nsus from a large number of studies of salt bridges is that they can contribute 
10

_ prot~in slabilil)~ but lhL'fl' is consid1.•rablc variation. Typ1call}~ a surface-exposed salt 
brrdge IS\\'Orth around anywhere from Oto 2 kcal/ mol, and a buried salt bridge can be worth 
up ~o 3 kc,11 / mol, with some exceptional cases being worth more. These are small effects, but 
again, moll'cult1r recognition is controlled by interactions that arc individunlly small but add 
up to a large effect. Exposed and buried salt bridges 

Another issU<.' in considering the contribution of a salt bridge to protein stability, and 
011.e that must be considL•red whenewr thermodynamic issucc; are discussed, is the appro­
pnatl' rl'f1.•rer1Cl' statl' Stability,\\ hctlwr we arc talking about a protein fold or a reactive in­
terml'.diatl', is alrmy$ a relative term We noted this earlier in this chapter, in Chapter 2, and 
\\'l' \\'111 return to it oftm throughout thi'i book. The following Going Deeper highlight pre­
~enb thl' probll'm of defining an appropriatl' reference state. 

Going Deeper 

The Strength of a Buried Salt Bridge 

What 11.md uf an e,pL•rimcnt would determine the 
strvngth of ,l buril·d .,,lft bridge? It might -;et.•m th,1t the 
:wnsibll' thing lo do would bt• to measun.• the !>lability ol 
thL• protein, .1 slraightforw,1rd prtX:l''" invol\"ing merdy 
hl•ating tJw protein and w,11ching ii "unfold", with and 
without the s,llt bridgL•. In thi-. ellpt.'rimenl, the .. t.ibility 
01 thl'protl'in is dd11wd ,1, thL• ditterence in 'ilJbilih of 
thl' unfolded and fokkd .,t,llt'"· II is ,l -.impll' m,1tter now­
adays to alter prot,•m ,tructun• in contn>lll•d ways. 
. What dOl.'S "without tlw .,.ift bridge" ffil'an? Do we 

simply l'l'move tlw Jmino acid sidt? chains th,1t m.1J..c the 
s•1lt b;idgL-? lhis would leave ,l hole rn thL• prolt.>in, and a., 
\\'l' notl•d ,11 the .;tart of this chapter, natun.• abhor., ,1 ,·,1c­
uum. f hi., ~,•m.; likL• ,ln uni air rdcn·nn• -.tal<', Rl.'c,,ll that 

3.2.2 Electrostatic Interactions Involving Dipoles 

/ thL• interiors of proteins have low dielectric microenviron-

1 
mcnt,. Perhaps a more l>(.'nsible rt'ference state would be 
to replace the two ionic side chain-. with hvo "g ... ,a ,. ·d 
h · f . , ... sy s1 e 

c ,,rn.,o compar.ibles1zeNowweareaskingaq , -1· 

I f'J.. "Wh' h . UlcS 1011 more I e, 1c rs more stable, a salt bridg1.• or ah d 
h b. I • h · · y ra-

p o ,econ act rn t e mtenorof a protein?" Studies have 
1 been perfo~t•d to add re.,., Just this question, and often 

thl' outcome rs that the protein is more stable with the 
h} drophobic pair than with the salt bridge. The conclu­
sion would nm\ be that tlics11/t brid"t' de,;tal,,/1~ •f ti ,, • ~le It' pro-
lt•111! c.Iearly, the choice of reforencc state inOucnccs the 
conclus1on-.- a Vl'ry important lesson for any thimnod ._ 
nam11: ~penmcnt. ) 

I I knd-..·h, Z.S., and lidor. B .~Do Salt Bridgl..,StJb,lue Prott•ins? A Con­
tinuum I lt'Cl,O.,tah,· An.ily,,- ' Prot,w 5,,y 3., 2 11 -226 0 994). 

Just as full opposite charges ,1ttract each other, opp~>sitely charged end~ ~f dipoles at­
tract 1.•.1ch other. This leads to a rough alignment of the dipoles such that pos11lvcly charged 
l'nds ~ntl'r.ict with m•g,ltively charged ends. Bl•cause s~lvcnts a.re n_ot completely ordered, 
there 1s considerable disorder in this alignment. Yet, th•~ attracho~ 1s one of the forces that 
hold., soh·ent molt•ettlcs together and raises boiling points. The dipoles do not have to be 
bl'twl•t•n solvent muk·cule:-,, but can also be between solutes and solvents, and between two 
solutt>s. 

lo11-Di11ole lutemctio11s \ 

'i-

i 

When a charged solut1.• is dissofwd in .:i solv~nt with.~ di_pole moment: the electric field 
a.,soc-i,1tcd with the charge l'.\l'rts a fore~ on the d1polt?, ?ncnt_mg .the opp~sitely charged end 
~f the dipole tow.ud the charge. For a dipole whose onent~Mn 1., fixed in space, the poten­
lt~l t?ncrgy of the inter,1ction varies as the inverse squared dtslance r b~twcen ~e charge and 
dipole (ElJ. 3.23, whL'rl' c is the dielectric constant of the solwnt andµ 1s the d ipole moment; 

Dipoles aligned 10 some degree 
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Q~:. 

q, I 

0----:;-e"' 
.<, ~ 

r .• 
,•· 8 

Ion-dipole ahgnmont parameters 

µ = q,I). Thus, the ion-dipole energy foll.., off more rapidly than the attr,iction between two 
oppositely charged ion ... (Eq. 3.1 ). Thi.; equation hold.., for r significnntly l.ugt•r th.,n /. 

. µ,72co:-.0 
I. =~ -

4Trf'r.,r2 
(Eq. 3.23) 

The attractive force can be quite large for a pol.ir solwnt moll•cule in direct C\mtact with 
.an ion. This is part of thl• large t'\l'rgonic phric,11 changl' when ... ulid s,1lb dissolw in w,1tcr. 
1 he entropy of mixing al ... o favors dbsolution ( .... l'l' St.:.•ction 3.1.5). T,,blt• 3.6 -.hows s1..•n-r.1I 
heats of hvdration (equh·alcnt to the ht•,1t o( solution for w,1kr .,s soh 11 111) for v.uious i1ins, 
salts, and a few organic structures. 

1mportant -.olvation trends ,m.• evidt•nt in con..,idering tht• simpll• ion .... A clt•,1r trt>nd in 
hydration energ1c.., emerges, with Li '> Na ' > K' > Rb '. The .-.m,1llt-r till' ion, the grcalt•r the 
hydration energy. This tnmd is .u, indir,1tion of ., l,u~cly dectroslalic l'ffl'cl. If we consider 
these ions as sphere-. of charge, the sm,1lll•r ion h,1s tht• s,1ml' tot,11 ch,,rgl' ,ls a l,1rgcr i1.m, but 
it i-. di.,lributcd over the surfocc of a sm,1llcr splwrc. Thus, the charge 1wr unit Jrt'tl is l.u~1.•r, 
,rnd so Coulombic inler,1ctions .1re stronger. Whcn1..•,·cr ,1 trend wrrclating ionk r,1dius ,md 
interaction energy appc.us, we should su-.pcct a strong l'll'drnst.1t ic component tu the inter­
,Klion. ·1 he same trend is seen with thl' simplt• h,1logc11 anions. Lun-.1slent with this l'il'C­

trostatic analysis, di\'alcnt calions ha\'t' 1111,c:I, l.uger hydration l·ncrgil's 1h,1n mllntwalcnt 
cations. 

Tiw hydration energies for simpll• o.;alh arc mon• diffirnll In inlPrprl'l bt•cntt..,l' they .trist' 
( rom a composite of many pht•nomena (st•t· the dt•~cription of slilubility in St.•ction 3.1.3), but 
a few trend-. arc t•vidcnl. J"hc iomc radiu,; ln.'nd discus-.t•d above is l'Videnl when cnmp.1ring 
the chloride salts of Li , Na , and K -th,11 is, iii<, morl' l'Xulhermil' to sol\',llctlwsmalll'r l',1t­
io11!; wht•n keeping the i1nion constant. With the lwdroxidl' salt,;, h,n-.'l'\'t'r, tlw ex,Kl oppo-.ite 
trend is found. With respect to ..,olvating the ani~m, tlw -.odium or tl'lr,1mt•thyl,1mmonium 
sail-; of chloride, bromide, and iodide an.• better solv,lll•d tlw sm,,ller tlw ,mion, ,1guin du1.• to 
increast•d dipolar attraction with the sm;iller ,,nion. Jntcw~tingl)~ tlw di::Nllutilm of slinw 
o.;alu, is cndotlwrmic, and indl•cd when NI 14CI or NI J~:--;03 dissol\'cs in w.1IL•1~ the solution 
cools. 

A Simple Model of lo11ic Solt1atio11- ll1r Boru l:q11atio11 

. The solvation energies oi many simple ions .uc known, 1:spt•d,1lly thl· hnir,1tion l'ner­
gics. As discusst'U above, a universal lrt•nd is that hydr,1tion strongly d1.•1wnd-. llll the radius 
of the ion, with thcsmallt•r ions being bctll•rsol\'atcd. llw Born equation (Fq. 1.24) attt•mpts 
to put this kind of trend on a more quantit,1tive b,1sis. rt is .1 -.imple corrl•lation invoh·in~ the 
dielectric constant, the t0nic r,1dius, and the cl1,1rge ol tlw ion. Plugging in thl• ,1ppropriate 
values reveals that for .:i monovalL•nt ion in water at 298 K, tlw Born slilvaticm t•1wrgy, E:.o1 = 
--164/ a, in kcal / mol, when a i-. in A. 

f;s.,t = ( I - l /£.)(q 2 / 8m·
11 

a), where II is the radiw, of till' ion (Eq.3.2-t) 

. Sue!, a model is too simple, bt•causc it ignore~ the highly specific kinds of solute-solwnt 
mterachons discussed later, such as hydrogen bonds. But, it jo., not ,1.., bad a~ you m.1y e:\pect. 
For example, a chemist m,1y consider NI)/ and K• as quite differt•nt (lhl· furnwr c.,n hydro­
gen bond, etc.) I lowe\'er, simple modl'ling will convim:l' vou that their ionic r,1dii arc ,1ctu­
,,llv quill· similar, and indeed,,,.., ..,hown in Table .3.6, their.hvdration l'rwrgies nrl' al,o tJuitc 
similar. Also, N;i and Ca have :-,imiJar ionic r;idii, but thl' Ji,·,1l~•nl ion h,1s roughly qu,1dru­
plc the hydration energy, consistL•nt with the q2 tl'rm in fat, .3.2:l. 

One interesting implication of the Born equation conct>rn.., long rangC'-.ulvation of an ion 
by a solwnt with a dipole '>uch as watc.•r. Wt• can conccdt' that n•rv clo'>e to an ionii.: solute­
within the first two or l'Ven three solvation o.;hdlc.--.uch ,, ~implt~ n,odl•I might be inr1d­
equatc because it neglects specific cffocts. But what about furtlwr uut? It i.., pmh,,bly quite 



Table3.6 
Heats of Solution of Various Compounds in Wate~ 

Hydration energy Ionic radius 
Structure (kcal/moW <Al 
A.Ions 

Li -122 0.60 
'\la -98 0.95 
K -81 l.33 
Rb -76 1.48 
Cs -71 1.69 
l\lg'• -476 0.65 
Ca2 -397 0.99 
Zn' -485 
Sr -34(, 
B,1 -316 
I -11-4 1.36 
Cl -82 1.81 
Br -79 l.81 
I -65 2.16 

1\111~ -80 
Me3NH -59 
CH,C01 -80 

8.Salts 

LiOH -5.6 
i\aOI I -10.6 
KOii -13.7 
LiCI -8.8 
NaCl 0.93 
KC! 4.1 
NaBr -0.14 
\Jal -l.8 
NH1NO 6.1 
NH 1C.I 3.5 
N(CI l )1CI 0.97 
N(CI I J1Br 5.8 
"l(CH ,)~I 10. l 

C. Simple Molecules 

'\JH, -7.3 
U ·'30H -5.1 
Acetone -3.8 
Cll,COOI J -6.7 
Benzene -0.9 
11-Octane 2.9 

'Hur11'-""~, \.I , A (1'17!1) .• \1.-tal /ti11s m S<1l11lio11, John \>\11~1· & Sons, Nl'W York. 
'N,'}IJtiw v.11u,.., n:pn.....:nt an 1.•,othermi, proc~,. 
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acceptable. Then, \11, hat frachon of Lhe tot.ii :.olvatton cnerg) of ,1 n ion such as K is due to just 
long range interactions with the dielectric of the medium? lo answer this question, we sim­
ply treat the ion a-. a very largl' ion, and plug the distance into the Born equation. For e,am­
plc, il is a simple matter to show that over 19 kcal/ mot of solvation for a monovalent ion 
comes from water molecules that are> 8.5 A from the ion (see the end-of-chapter Exercises). 
This is actually quite a large number, and is an important factor lo be considered when dis­
cussing al]ucous salvation of ions. 

Dipole-Dipole lnteractio11s 

/\(J -•--o 

Similar Lo tht! attraction between a dipole and a d1,1rgc, inll'ractions behn•cn dipoles on 
solutes and :.olvcnb can be attracti\·e or repulsive. The force between two dipoles depend-. 
upon their relative orientation and, if the dipoles are fixctl in space, the interaction energ) 
falls off as a function of the inverse distance between the dipoles to Lhe third power. There­
fore, dipole- dipole mtcractions arc very scm,ilive lo the distnl'lce bt.!twecn Lhl• tlipoles. Eq . 
3.25 gives the ent.!rgy between two (ixcd dipoll's that arc in tlw s.ime plane and p.:1ralle). 
whcrcc is thediclectricconstantof the medium and thcµ'sare tht! two respectini dipole mo­
ments. If the) are not parallel and in the same plane, the equation simply gets more compli­
cated. Further, this 1s a simplification where r is significantly longer than the dipole lt.!ngth / 
(µ1 = q,11). The angle for which the two dipoles foci no attractive or n.'pulsive force has an im­
portant use in spectroscopy, as &,cussed in the following Going Deeper highlight. 

" q 

O,pole-dipole ahgnmenl parameters 

Going Deeper 

The Angular Dependence of Dipole-Dipole 
Interactions-The "Magic Angle" 

An interesting feature of h1 3.25 b thl' Jcos '0- I tern, 
Consider the ,alue of O required to make the magnitude of 
a dipole-dipole interaction go to 1cro [arc cos (I/, 1)1 Thi,; 
cor_respondo to -54.7'. For any pair of dipoles, their inter­
actton e~ergy is zero if they arc aligned al thi., ,mgle. This 
1s a fam1har angle to spectroscopists and is rderrcd Ill as 
the "magic angle". Why is ii magic? In NMR spectros­
copy, the nuclear ..,pins can be treated as dipoles, as can 
the e'<temal magnetic field of the spectrometer. As such, 

£ = -µ 1µ 2 (3cos1e-J) 
,t T(f£11f J 

(Eq. 3.2'l) 

in a solid sample (n•mcmher, Fq. 3.25 ref~•rs to fix,·tl 
d1polt.>s, not rapidly tumbling dipoll•s ,ts in a free --olu­
llon), each nucl1Mr spin will experience t1 dijj,·t,·111 interai:­
lion with thl? l'Xtemal magnetic field depvnding on the 
precbe angle betWl'(.'n the fil'ld and the nuck•,1r moment. 
pmducmg extraordmary comple'<ity in the spectra. To 
rcmO\'t' this, the I\ \1R tube is tilted n.•lativl.' lo the exh.'m,11 
magnetic field at tJ,e magic an~le. rh1s tnck, coupled with 
rapidly spinning the tilted tube, remo,cs this comple'<1ly. 
The spinning cau<;cs signals from am· spms not aligned 
\\'ith lht: rot,Hion a,is Ill nveragc ,lnd caned. 

R, 
R 0 

3.2.3 Hydrogen Bonding 

Hydrogen bonding is another very important binding force. While detailed, quantum 
mechanical analyses of hydrogen bondc; can be complex, for wenk to moderate hydrogen 
bonds a c;olely electrostatic model is adequate for most purp(lSt?',. Sud, a model describes 
a hydrogen bond as a (oulombic intcrac.tion between a polar donor bond (Dn•i - H"') and 
an acceptor atom (:Ac'-). We use this simple model in all the discussions given below unltl 
short-strong hydrogen bonds arc considered. Sincc tht' hydrogcn bond is ;i !-imple Cou­
lombic interaction, any partial negative charge can accept a hydrogen bond, nut just electro­
negative atoms, but even 11 systems (as we will sho\, 1.itcr), The next Connection.., highlight 
indicates just how unusual hydrogen bond acceptor-. can become 

0, .. ···H 
H- . . : 

A 

,0-H ~ 
0-H 

,0, 
H A 

0-H 
' A 

Network of hydrogen bonds 
man alcohol 

One of the most common examples of hydrogen bonds arc those formed in liquid alco­
hols. Most OH groups make a hydrogen bond to an oxygen of an adjacl'nl alcohol, thereby 
creating a network of hydrogen bonds. In liquid alcohol.., there i-s .:i rapid interchange of Lhe 
hydrogen bonds, with Lhe molecules oriented imperfectly with their neighbors. 



Connections 

An Unu~ual Hydrogen Bond Acceptor 

If hp.irogl'n bonds JI\' l's~ntially l'il'clrostatic in origin, 
tlwn ,my region or a mokcull• with ,1 p.uti,11 neg,1tiv1: 
ch.irg .. • should net ,ls a hydrogl'n btmd acceptor Can 
hydrogl'l1s lx- h)·d mgl'n bond accl'ptors in ~lllll' 
drcumstanct>s? 

In Chapk•r 12 \\ L' will e~plon.' orwmometallic systems 
k.mm i, as lllL'l,11 hydridl',. A typical l'Xamph.' is LiAll 1,. 
Simil.u to tht• hydrngcns ,lll,Khl'd to Al, hydrogL'ns 
.1tt.11:hed ll> mo:-1 tran:-ition mL'tals posse-.s partial negative 
ch.1rgl•-.. I ll'nce, ml'l,11 hydridl•s might bt.• hydrogen bond 
,Kceplo,.._, lndt:l•<l, ,1 fl'W -.uch l''<ampll•s t•,ist. One m par­
tinil,1r i-. tlw iridium compll''< :-,hown lo the right, where a 
Yerv ,hurt inkr,1clion ( 1.8 ,\) bl.!hwcn tlw ml.!IJl hvdridc 
,ind tht.• hydro~wn .,tom of ,m ,1ppt'nded akohol \,:as 
found m tlw crystal ,tructun•. 

Geomt•trics 
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N"'L u 
I.-"' CH 

H-lr-N==,1 3 

L~ I I 
H , · H-O 

I 
Hydrogen bond 
between hydrogens 

I.,,., J l • Jr , l\•r,, [. Rh,·111g<>ld. ,\ I. .. ,1nd l r,,l:ttr,,.,, R 11 ",\n Unu,u,,I 

l\ P""I 11- 1-f lnt~r.,ctnin. lr- 11- Hlland Ir-I 1- :\lf I lydroi;l'n llon.Jin11 

I 
,ind u, ln~olwnwnl m u-tlond Md,1th,-,is." / tlf/r. Cl1t111. s.-.. -., 11&, 11014 
(l'l<J.I). 

C.,imc cll'ctrostatic considerations dominate for most hydrogen bonds, the geomclrv of 
tlw hvdrog<m bond is not a major contributing factor to strength (data supporting this is 
gi\'l'n in thl• ne"-t lonncctions highlight). Still, the optimal geometry has a collinear arrnngc­
mc..·nt of the lhrcl• atoms in\'olvcd, even though significant deviation!-- from linearity can be 
tok•r,,Ll•d. In l'ydic!>ystcms, ninL'-mcmbercd rings contain ing hydrogen bonds give the most 
linear arrangement, ,ind ha\'c been shown to be optimum (see the Connections highlight 
below). In addition, tlw Dn- 11 bond axis generally coincides with the imagined axis of a 
specific lone p,1ir of :Ac. -\s discussl•d in Chapter I, the hybridization of atoms and the direc­
tion.ility nf lone pair-. can be debated. figure 3.5 shows a few rcprei,entatiYe geometries for 
hydrogt>n bonding. When there is only one lone pair, as with RCN: or :Nl l" we expect a lin­
l'M gL'OmL'lry. With two lone p,1irs, \'Sl:PR theory can help rationalize the obc;erved angles. 
For water. with .111 H-0-J I angle o ( 104, we expect a nearly tetrahedral arrangemt>nt, and 
thl' 55° angll· of Figure 3.5 b consistent with this. 

J+ ,,-

A· H ···-·-··· B 

1eo• 
F· H •····· ·-·N•C·A 

H 
1ao· I 

F • H ······-· N 
\ '''H 

H 
55•/ 

F-H -·· 1 ••• 0 
\ '''H 

H 
55°/ 

F- H -··1 
•••••• 0 ~<R 

I 
A 

Figure 3.5 
11\'drogt•n bonding. Shown .HI.! ~•xpcrimcntally det11m1inl.!d gt!omt!trit•~ 
for prototype h\'drogen bonding complexes, show mg thl' alignmt!nl of 
thl' donor with the putativt• lone pair acceptor 
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Connections 

fa idence for Weak Directionality Considerations 

r or a rnrbonyl \."Ompouml. lht' hydrugl'n bond ,,hould be 
in plam• and at an angle con,i tl'nt with ~,;z hybru.liu1-
tion oi thl! O-heme, .mangle of 120~. 1 {owc\Cr, as we 
h,1\'I! .iln•,1dy ,11\udcd to, ~l'llmdr\' i, not so import,1nt m 
an clcctro,.tatk int,•raction, and c, en the d1rcctilm.ihtv ot 
the lone pairs j... tkbat,1blc. In support of this, icw, sh;dies 
<,f hundn•d,nf cryst,11 stnu:lurL-s analy11ng the hydrogen 
bond mg angle,-b,,.,h, t'Cn carbonyb and variou, dunnrs 
arc wn,1stcnt with diffuse lone pair.; As shu\\ n below, 
the 11 • • •O C angles range from O to 90" (as drflneJ in 

400 

the pidure), wilh a maximum al 40 (c.k>sc to thcl''.'l.pi'l tl~I 
,mgll• tor ,1 ~nrbun} 11,,m• pair). Ihm eve,, ,1 c,in,1dl'r,ihll' 
number of hydrogL>n bonds an• uri,•11ted, long other 
,mglcs, including th(' axis of the C O bond(~ 9(1°) 

TJ\ lor, K. Kmnard O and \l"N<'h..--1, \~ Q.'<lttlctry "' tht-"-ltl-0 ~ 
t lvdrugl-n llond I t-0nc.~p.1lr l>in'Cti'1nalih J Jt,n CNlll SO<' Ill~ 'il 
~66(1983) Murra)•Rustl' and(;Ju,kr,J r"D1rect1cm.1ht) lhd~ 
lkmdto p'nnd llybridl7.ed(h,,gmAtomsand ,i,, Rdl"\-anccto ~ 
Llg.,nd \1aqomolernlar lnt,,rnruon ... / A,r1 Clitm 'i(I( 11)1, IOI~ 11'2 

(195-1) l'Crnrt•VK'Yo E'C!llubbard, R E li)dn>g\'nBondlni;tnGlclbul.U 
l'ro1,,n.._" Pr fhq~,y,. M,>ltt B '-1, 97(198-1) 

O-="'--t---'--'-+-.J.....J....• -...L...L..L_• 

A 
I 

0 
I 

H 

0 30 60 90 ~ 

Number of hydrogen bonds as a function of angle 

t.:· d" • 1· · · bllOlts, 

I 
.• ,;,ll1C\.' tre~t'.ona 1ty ,.., not a dommnnt fallor in tlw :-.twngth ui nornt,tl hydrogl'n jc~. 
I! ,., not surpnsmg th.it there arc n multitudl' ol bridging hvdrogcn bonding t,l•,1nlctr " 
Slructun>:-. :,,uch ,,.., tho,c ,,hown in thl' margin nre relcrn•l to as tliree-center hydros:,r 
bonds, and abo tn.:qucntly ,ts bifurcated hydrogen bonds. In c.i~'S wlwrl' the t\\·,1d~>1w:,l­
t~c two ,1cccptor:-. arc pMt ol the ~,tnll' moll•culc, the ll'rm chelated hydrogen bond,., <;l 

0-H. 

\ 
A 

\ 
H 

\ 
0 times used . • 

B,furcatod hydrogen bonds 

Connections 

lntramolecular I lydrogcn Bond!> arc 
Be'il for 'ine-Memb("red Rings 

In Ch.1p1, r 2 \' l l·xam11wd tht• ,t,1bihlil"S ut v.ir,ou~ rings, 
and found that th(" transannular dlL'<'t r:11scs tlw l'nl'rgy 
of rings with o;iZL"- bc\'ond six carbons. I io" c, er, ui;mg 
v,1ri,1l:>l,• ll'lllf't'r.iture NMR amt lR studies, it has been 
dl!lcm1incd th,1t nine-membcl"C'd rang-. an.• bc;.t tor intr,1• 
mok>cular hydrogl'n bonds beh, ~n tcnninal amidt•,. (n!-. 
-,hown to thl' nght), In methylene l hlonJe, the l'llthalpy 
ol tlw hyd rogt'n bondl·d .,l,llc 1s 1 A lo I h k,.-.11 / rnol more 
fa,•or.,ble than th(• open chain structure,\\ hilt> tht• op(•n 
chain i.tnicture i-. cntropicall} ra\ ored by 6.6 to o.3 eu. 1 ht• 
cnth.:ilpic pwll•rcm:e-. for the hvdrogcn bonded ,.tall-are 
-.ignit,c.intly smalll'r for l.ir1:wr ,md ,.m,1ller nng,. 1 lw rc.:i­
....on for tlw prefl·rcnc'-' of a nine-membered ring dt•m l'S 

Imm lm,cr tor.=.11111.11 strains pn.'Sl·nt Ill tlw lwdn•••1rbon 
linker heh, l.'<'n the amidt-s wlwn .1 niiw-nw111lx•red nnS 
i, form'-•d. 

0 . ·-

~N-< • 

I 
···H·N 

)=O -N,ne-mcmbered ring oPllmat 
for hydrogen bondlng 



3 2 llJNDJ'IC, f' ORC.l!S 

Nm~ ~hat we ha\'e discussed theelectroc;taticorigin and geometries of normal hydrogen 
bonds, le I s :xplorl' those factors that accentuate the electrostatic attraction. These include 
dectro~cgatl\ it)~ re-;onance, polarization, and solvent effects. The goal is to understand 
trends _an hydr~gen bond stn.•ngths, because actual bond ~issociation energies for hydrogen 
bond_., J_n solution are h,1rd to coml' by. We start b) analyzing why hydrogen bond strengths 
arc difficult to determine. 

'itre11gths of Normnl Hytiroge11 8011ds 

Hydrogen bonding can be n potent force for molecular recognition, but il should come 
as nu surprise that contl'\t cffl•ctscan be substantial. For example, the strength of a hydrogen 
bond d~pends upon both the nature of the donor ,rnd the acceptor, and the microenviron­
~1ent_of the hydrogen bond. Since the nucrocnvironment of the hydrogen bond strongly af­
fect,,, 1ts:-trcngth, hrdrogen bond enthalpies cannot be transferred from one situation Lo an­
other as c.:in Llw bond dissociation energies for co,·alent bonds. 

fhermochcmic,1I studie.., to determine hvdrogcn bond strengths have been performed, 
but systematic studies arc not as extensive as those involving covalent bonds. Difficulties 
a_rist' in measuring hydrogen bond strengths (enthalpies) because intermolecular interac­
ltons arc inllul'nccd by significant entropic consid1:rations, thereby making the measure­
ment of association Gibbs free energies not em,ily n>lated to simple enthalpies of the hydro­
g~n bond .... C\'l:n tlw cnthalpil•s o( aso;ociation of a Dn I I and an :Ac molecule cannot be 
dtrl't'lly rl'latcd to the strength of the hydrogen bond, because the Dn-H and :Ac were to 
s?mecxtent solvated to slc1rt, <md thL•se solvation interactions influence the enthalpy of asso­
ciatton. Very often the strengths of hydrogen bond!-are determined by examining conforma­
lton,11 equilibria, \·dlcrc one conformation possesses the hydrogen bond, and another con­
formation doe-. not (..,cc the Connections highlight in Section 2.3.2, and the one below about 
s.1:lwnt sc,1 lcs and hyd rogcn bond..,). Othc_rwise, m~asurem~nts are made in the gas phase or 
'ny non polar Slll\'l•nts, where the snh·at1on issue JS nonexistent or less severe. On rare oc­
c.:isions, and in \'l'ry dear-cut cases, one c.in determine hvdrogen bond strengths when the 
,ls<;ociation constant <lf two almost ... tructurallv identical molecules with a receptor can be 
dcterminl•d, \\'herein one mok•cule c.-m make the hydrogen bond and one cannot. The differ­
ence in Gibbs fl\.'c enL·rgk•s of binding can roughly be equated lo the intrinsic enthalpy of the 
hydrogen bond. 

In genl•r,,I, hydrogen bond strengths ,,re roughly br~ken into three catagories. Those of 
JS lo40 kcal / mo] arl·rnnsidcn•d to b<.' very strong, those 111 the rangcofS to 14 kcal / mol are 
modl'r,1tc, <lnd thosl' bctwL'cn o ,,nd 4 kcal mol-the most common hydrogen bonds-are 
Weak. Consistent \\ ith tlw dc<.:trost,1tic model, there is a general trend that the hydrogen 
bond is strongL•r if one or both of tlw pi!rtners is charged, ~eaning that the electrostatic na­
ture significant!} incrl·a--c-. due lo large Coulombic allracllon. 

i. Solvatio11 Clfects 
Probabh tht• factor th.ii most influences the strength of a hydrogen bond formed be-

l\\'l>en a on.:H ,1nd :Ac is the solvent. rn the ne\t section we tabulate a few hydrogen bond 
strcnotl,s fo th I oip ll•rsl>lvcnts i-vhich vary from 5 Lo 10 kcal/mo!. How-
, o • r l' gas p 1asl' or n I l .. • · • . . 
""L'r, a value of 0.S to l .S kcal/ mol is generally used ilS the stren?th o~ a hydrogen ~on~ 111 

tht- intcrJ· f -1,- 1 •. d .. ·ol,·ed in water (see the a-heltx Gomg Deeper h1ghltght or o .:i protein t ,1 Js 1ss . . • · · b • 
0n pagl' 176) If 

I 
h 1 1. d ·. 11c1t in the 111tenor of the protein, 1t 1s est considered to 

• t 1c \'l rogcn L,c.m J'- . d' · · 
be \\'ortl o k 1 / 1- b t pro, ides fierce hvdrogen bon 111g compelll1011. When 

1 ·ca mo , l'Causc wa er .· I . h · 
onl' of ti . h ti d 1r or acceptor 1s d,arged, t ,e strengt mcreases sub-ic componenh e1t er 1e one ' .. • • 1 lh h 
stantiall J . • 

1 
. t•'Oto.i5kc,1l / mol.lh1s1sab1targer ante3kcal / 

Y, anu some rl'scan: ,crs quo c -t. • • ) Tl b 
mol w,, • ( • 

1
• . 

1 
b ·J (., ,c.,clion 1.2. I on sail lmdges . ,esc num ers are not 

... ga\'l' or a L1Urtl·d sa l n ge sec = h I d h · fulkc .· . . ·I . thl•roughnatureoft e\a ues,an t econs1derable 
1 ons1stL•nt, which 1usl goc'- to s 10\\ 

work in th· · I · ·11 d •d , is .irea t 1.1t 1s :'ti n~e c · . , . th of hydrogen bonds because the donor 
an fh~• soh-mt dramaltcallr mfluemes ~hes~~~; Dn-H •••:Ac hydrogen bond. Many po-

l d act:L'ptor arc solvatcd prtor to formation °
1 

ru'ng that the donor and lcceptor al 
«r so) • 1. d ti en1se Vl'S mca • ' -vents can lorm hydrogen oon s 1 · ·' 
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-If.° 
N-

ready possess hydrogen bonds prior lo their combin,1tion l lcncc, if the hvdrogcn b0ndhs'~,cto. 
l · · "\ • as tween Dn. I I, .:\c, and the solvent S arl' csscntiallv the r.;aml' in !-lrl·ngt 1, it 1~ i.l ' ' · 1 

undergo the reaction ,hown in Eq. 3.26. Such ,1 !->Ohcnt is rdcrrcd to a., .:i competitive 
5? · 

h h I - I d I i I D I I • • • •Ac 111
• vent. W en l c so vent 1s nonpo ar ,111 cannot form 1ydnigcn bonl ,, t 1c 1\- • 

11 O -H' Dimer exists in CCI, 
~ but not 1n dioxane teraction more effectively inAuL•nces lhl.' Lhcrmodvnamics of Eq. 3.26, m.iking Lill' hy~irogc1_ 

bond appear stronger. Therefore, the most import~nt factor for determining slrl·ngth is '1 ~~e 
vent's,1bility to form hydro?en bon~s. forexample,_thedinwrization of N~mclh):la~c!:::,as 
occurs 111 carbon tctrachlon<le, but 1s ncarlv nonex1-.tent in the !solvent d1oxanl:, \\ ht 

I 
l 

lhc same dieledric constant, because dioxa;,c can accept hydrogen bonds. SinCl' lhl' s°i,~.~~. 

N-
H, 

Secondary amide dimers 

influence., the streni>lh ofhvdrogen bonds ,o dram.,tic,1llv, it is not ~tirprisin~ th,ll tht' a h1
. 
1 ~ 

o • ;, ft 1•.I' 
to form hydrogen bonds wrrelatcs to various solwnt p,iram~tcrs, .ind .m exam pk O · 

given in the following Connelliom, highlight. 

D - H • • • S + A • .. H S -- - - D - 11 • • • A + S • • • H - 5 
(t:q. 3.:!6) 

Connections 

Solvent Scales and Hydrogen Bonds I 
compared 11, th,! lwdro,•,•n lxmd ,Kll!flting ability ilt thl' 

• 
0 

• · • thl' solwnt. 1\ high,•r hydrog,~n lxmJ acccptingnh1hty in Since the polarity and hydrogen bonding capabilities of a 
solvent are of paramount importann· in dcll•rmining the 
strengths of hydrogen bomb, Wt' might ex pell a correla­
tion with solvent p.iramctcrs. lndccd. such correlation-. 
have been found. In one spt•cific caSl', the intrinsic ~G 
for the intramlllecular hydrogen bond in the sub-.htutt·d 
cyclohexane shown to the right w,h plottcd_again'lt scv­
t•ral different solwnt p,uamctcr,. Thl· bt.--..t lmcar fit was a 
combination of the F. (30) ,md P valul's, when· the P value 
of the solvent dominated the correl,,tion. Recall that thl• /J 
value i5 a measul'l' of the hydrog,m bond ,1cccpting ability 
of the solvent, whl•rea-. the Dr(30) v,iluc correl.1tc-.. gcnl•ral 
polarity. The conclusion is that as the pol,1ritv of the sol­
vent increase'>, the -.tn•ngth of the intramolccular hydnl• 
gen bond decrea<;es, but that thi-. i-. .1 sernnd,,ry eflecl 

solvent signific,mllv decr1.•a-.l•, tlw lrc1.• cm•rgy <ll tMma· I lion ot the inlr,1moil'(Ular hydrogen h,mJ. 

I_...H 

~d 
lntrnmolccular hydrogen bond 

Be,.'SOn, <.:~ l'h.,01, !': • !>h1pp11, (,. Jr~ .,n,I 1>1~. 1. A ~ A c,,mpn•h<'1'-"i"'u 
l>..-scnphon of lhc I l'l'C Energy of nn lntr.imok,"Ul.tr I h dn'l);l"O tkmd IL~ 

l·un.:t1onotSol,·111i"n:N~IRf.1u,fr." I Am. CIU'III S.1t· ,·11s.1,1;03•6812 
(lqt/3) • 

ii. Electro11egntivity Effects 
The electrostatic model prcdiclc.; that for a nt·utr,11 donor, the lt1rgl.'r the p,uti..il ch,,rgc l,~~ 

11, the -;tronger the hydrogen bond. Indeed, hydrogl·n bond mg strength!-i to., \',,ricty llf,':~ 
ccptors follow the trend for donors, HF · I lCI - • J 113r > HI Note th,,t the hydrng1.•n b( id 
,trength is not following the strength of the acid for thcsl' donor, (st•c Sl•ction 5.4.5 for '

1
~ .., 

strengths), but instead the charge on lwdrogen. 1 lmn•ver wlwn we contr,1-.t hy1.trogd
1

· 

I d h · · k" d C h • ' h · irl>gcn, attac 1e to l e -;amt m o atom, t c stronger .:icid-. han• a larger ch.ir~c on the ) ". CO 1 ! 
and therefore are the better hydrogen bond donors. Therefore we c:-..pl'CI the tn..-nd Ch l 

'> CCl,CO,l l ~ CBr .CO H · Cl 1CO 11, which follows the tr~nd in acid strength (s l'L' Ch,,p­
tcr 5). , . ,tc 

For the acceptor, we sec trends such as I 1,0 > 11.}I\! > I 1i5 > I 1
3
1'. \\'l.' would ,1nt1c1_P'

0
n 

that electroncg.:itiv1ty on the acceptor atom is a double-edged sword. 1l incrL•asl.'~ thc lf- re 
the atom, which is good for hydrogen bonding, but it makes thel'lcml•nt lc!'>'- willing to:-h~ .. 
· 1 1,· h · b J ·· I i t,ut I is its c ectrons, w 1c 1s ac, tor 1y{ rog~n bonding. A, such, bonds to i: arc quill' pnl~r, 

1 
,j

11
g 

a very poor hydrogen bond acceptor (1.e., a poor electron donor). 11 vd rogcn bonds in~•o .' •h' 
Fas the acceptor are actually rare. The poor hydrogen bonding -;~en with Sand Pis h1\;, 
due to the verv ~iff usc nature of the lone pairs in third row clcmt•nb, which _mak~~ -~~:~,le 
poor acceptors. Examples of some of the trends we ha\'c dbcusscd ,,bo\'I.' Ml' ~1,·cn 111 

3.7 for gas phase and ,cry nonpolar solvents. 
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TableJ.7 
Value<, of .1// for Some Selected Hydrogen Bonds• 

- -

Hydrogen bond Compounds involved Medium 
Strength 
(kcal/mot) 

0 fl • .. 0=-C fom11C acid I formic .ictd (.,as phase -7.4 
011 ... 011 Ml'lh,,nol / methanol C..as phase -7.6 
0 fl • .. OR Pht•nol/ dio,ane CCI, -5.0 
0 ll•••C..R J>h\.'nvl / 11-butyl sulfidt• CCI~ -4.2 
0 H • .. c..t•R Plwnol / 11-bu tyl selenide CCI, -3.7 
0-H • • •-r'' Plwnol / pyridine CClt -6.5 
0-H • • . ,,. '\ Pht•nol/ triethylaminl' CCI, 8.4 
N-11 • • •SR1 Thiocyanic ,1cid/ 11-butyl sulfide C.CI, ·3.6 

'ldfl'l'); G. A (199!1) A,, /11trodu1l1or, t,, //vd,..,gm /1.111.Jms rr.,,,,cs 111 r,rys,cal Or.~amc<.hm,,stryJ, O\lord Un,,,·r-il\· 
l'r,~.., O,lorJ · 

iii. Reso11,uu:L' Assisted llydroge11 Bonds 
As al read, noted, hydrogen bonds are \'ery <;Cnsitive to their context. Solvent and elec­

troncg,1U\'itv dfoct-. likely play thl• largest roles in modulating their strength. Howc\'er, sev­
eral otlwr factors can be identified as major contributors. The most frequently cited factors 
~re resonance and polarization t•nhanccment, although more recently another factor called 
sccond,1ry hydrogen bonds" has found wide acceptance. 

Resonanct' a..,sistl•d hydrogen bonds are those that benefit from a particular resonance 
s1~c:turl• o( the donor or acceptor. for example, the intramolecular hydrogen bond of 
0-nitrophcnol is known to be l'xceptionallv c;trong, ,,nd is enhanced by the resonance struc­
t~ rt> shown below. Such ,111 inter.1ction might juc.t as well be considered as hydrogen bond as­
sistl'd l\.'son,mce; it is just a case of semantics. Amides in linear chains, as found in protein 
cx-hclic1.•s (Appendix .t), art• also postulated to bcncflt from such an interaction, and even the 
ba--e p,,irs in the DNA fwlix are often considered to possess such an interaction. The follow­
ing Connections highlight gives some dat,1 that supports the notion of resonance assisted 
hydrogen bonding. 

-

I H···Oe ~ L)i-···O W © / ~ TN N, N© ~ 
\ H--0 

0 

H 0 0 H 
N O···-•--H-N' N 0·-···H-N' 

,r)-(N-H····----·N ~ +• - ·~ R,r~NC2H·········i~ 
R ---{ ) ~ } N~ rN 

N~ rN N-H-··· · 0 R 
N-H·-···· 0 R H' 

H' 
Examples ol resonance ass1s1ed hydrogen bonding 
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Connections 

The Extent of Resonance can be Correlated 
with Hydrogen Bond Length I 
A correlation has been found between a parameter that 
measures lhc extent of resonance delocalization and 
hydmgtm bond length in 13-diketonc enol,;. The greater the 
contribution of the ionic resonance structures for chains of 
13-diketoncs shown below, the doscr are the bond lengths 
d,, d2, d,, and d,. 

To measure the relath·c contribution of the two re-.o­
nanace structures, a parameter called Q was d.efi ned as 

0.30-

0.25-

020-

g 0.15-
0 

0.10-

005-

0.00-

2.40 

• • 
• • • 

• .., . 
• • 

2.50 

-

• 

-• 

• •• .. • •• •• • • • 
• •• 
• 
• 

2.60 

Q = d 1 -d + d,-d,. As the ionic resonance structure 
bel."omes more important, the parameter Q b<.>comt's 
smaller. In an examination of 13 crvstal structure., and a 
single neutron diffraction study of J3-d iketone enols, as 
well as several other intermolecular hyd mgen bonded 
chains, a correlation was found between parameters such 
as Q and hydrogen bond distance (defined as the intermo­
lecular 0-0 distance). Smaller0-O distances (meaning a 
stronger hydrogen bond) correlate well with lower Q val• 

d(o--0) (A) 

ues, meaning more resonance dclocalizalion. 

<.,illi, t..., llt•rtol,1'1, \., l·l!Tdll. V., Jnd ( ,Hli, I'" Rc.,..,nanc<'•As,1'll'U I lydr11• 
g<'fl Bond 111. F.irm.ilinn of lnh!rmol,-cul,1r I lvdmg<'n-ll<>nu,•d C.h,1in, in 
C. rv,tals of II· Dlk..ionl>s .ind it, R!!lc,·,,n~ to Molecul,ir ,\.,,.,.,o,1hnn ",1, /<t. 
c,,,,,, 56-1-571, ( 199:\). 

d 1 ci:! d3 d~ 

_,....o, /'-- #o .. .,,...0.1 k Lo .. .,....o~o 
H "-? °'-? H "--' 'VY H 

(!, .,,...o, /'- #o . .,,...o~ ~ /o .,,...o. ~ ,,.o 
H °'-? ~ 'H ~ "'V' H -...__, "-? 

Definitions of bond lengths used to calculate O 

iv. Polarizatio11 £11l,11ncerl Hyrlroge11 Bonds 

• 
• • 

2.70 2.80 

A A 

Polarization enhanced hydrogen bonds (also known as cooperative hydrogen bonds) 
are similar in concept lo resonance enhanced hydrogen bonds. This plwnomcnon ari,;es 
when there are neighboring hydrogen bonding group-. that assist lhc polarizalion in the 
Dn-H bonds, making them better donors. Consider the waler trimer shm·vn in Eq. 3.27. Sta­
bilization of the parLial charges on the hydrogens and oxygens of the already formed dimer 
occurs when the third water makes a h)'drogen bond. 

\ I 
0-H·· ···O 
/ \ 

H H 
I 

0 
A.,,. -., 

H'-,_ 
0 
I 
A 

Cyclic strucrure formed from 
hydrogen bonding 

~ c5 
o H 0 

H-o ,5~, 
I 

H 

(Eq 3.27) 

The best evidence that such a concept is important in hvdrogen bonding ari-,e.., from 11[1 

i11itio calculations. The strengths of hydrogen bonds have been calculated for alcohols in a 
cyclic arrangement, such as the pen tamer of an alcohol c.hown in the margm with all coop­
erative hydrogen bonds. The strengths are found to mc.reasc from 5.6 kcal/ mol for a cydiL 
trimer, to 10.6 kcal/ mol for a cyclic pen ta mer, and 10.8 kca I/ mol for a cyclic hcx,m,er. Hm\'­
ever, some evidence also comes r rom crr,tal !:>tructurL'S, and the following Connections high­
light describes evidence from oligosaccharidc structure:.. 
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Connections 

Cooperative Hydrogen Bonding in Saccharides 

Chains of rnoper.1tive hvdrog1.m bonds are commonly 
"'l'L"n in l' l')'-.t,11 .. tntelu.v-. of mono- ,md oligo .. accharide..,. 
Shown bt>low is a picture of the Cl')'stal structure of 
p-nrtn1ph1.myl n-m,11t,1hcx.io,idc. A ltlng running chain of 
hydrogt•n bond-. can be identified along the 2,3-vicinal 

diol porhon of thL' p) rantlsrdcs, which orient, one mono­
mer with respect to the next. 

I hndn,b, \\ . .ind S.1l•ni;,·r. I\ "C rr1.1l ,,nd !1.1oll,-u1ar Structur~ of 1h~ 
l f~•a-.wchMidl•l oinpJ,,, (J'•Nitrophcnvl n•M,1lt<1h,•,.10,i<lc)8,1J 2711,0. 
J,,\111 C11m1 ~,,..., ll2.::?78'l•2i96(1990). 

N02 

~-S-0-S-O-S-O-S-0-S-O-S-9 
0 0 0 0 0 0 0 0 0 0 0 0 

\ .. \ ,. \ ... \ -· \ .. ' ... \ ' .. \ ~· \ ... \ \ 

H~ H~ H~ H~ H~ H H H~ H~ H H H 

lntramolecular hydrogen bonding In oligosaccharides 

t1• Seco,uitlry l11teractio11s i11 llydroge11 8011dillg Systems 
Smee the microcnvironmcnt near hydrogen bonds greatly influences their strength, 

it makes sense th,1t tht• proximit) of other hydrogen bonds would abo haw an inOuencc. 
In fact, when there arc hvdrogm bonds adjacent to one another, secondary interactions can 
ari-.c \\hich can either rcinfortc or weaken the primclr)' hydrogen bonds. for e,ample, tht• 
dimeri/alion of two carbo,,·lic acids yields two hydrogen bonds. I Iowever, Lhere are also 
two " Lransannular" n•pulsi,·e interactions bt:twcen the hvdrogcn bonded species. Electro• 
:;ta tic argumcnh nicely rationalize these. In this wstern, the hvdrogens arc 8+, the oxygens 
,5-, ,1nd so the H •••Hand O • • • O interactions arc repulsive. In contrast, when the donors 
clrl' on one structure, and the acceptors on the other, the primary hydrogen bonds are sup­
porll'd by the secondary intcral.lion .... 

vi. Cooperatiz1ity i11 llydrogt•11 Bonds 
If hydrogt'n bonds arc so weak in water, why is it that they can create such complex and 

dinm,c thrcc-dirmmsional molecular architectures? As we will note in our discussion of the 
hydrophobic effect (sclc' below), the major driving force for molecular associations in water 
is nonpolar binding derived from a release of water from around nonpolar surfaces. This 
means that organrc molecules will tend to non-selectively aggregate with other organic mol• 
eculcs in water due to the hydrophobic effect. This non-specific association can contribute 
to making hydrogen bonds significant in water. A significant part of the reason that simple 
hvdrogen bonds do not lead lo strong association in water is the entropic penalty that must 
be paid for freezing the motion-. of the two partners. This .lS penalty is typically not adc­
quc1tl'ly compensated by the fo"orabll' .lfl' for the interaction, remembering that the ,wt .lH0 

mi~ht be quite sm.ill (fq. 3.26). However, if two large molecules arc already brought to• 
gl'lher because of the hydrophobic effect, the entropy penalty has been partially pre-paid 
(local conformations mu-;t still be restricted to form the hydrogen bond). In this situation, it 
i., more.' likely that hydnigen bonding could contribute to the overall association. 

Hydrophobic assocra I ion b genc.•ra 11 y non-speci fie, bu I sclccti vi ty can be imparted to or• 
ganic ,1ssociation in water by hydrogen bonds, and especially by arrays of hydrogen bonds. 
As with a sail bridge, we might c>.pect that ,rn isolated hydrogen bond on the surface of a 
protein would contribute little to protein stability. Once agnin we find a significant context 
t..•ffoct because tht.> force is weak to start, and ,,c nc.•ed a reference point to determine the 
<;trcngth of the inter.iction (:-;ec the nc:-d Going Deeper highlight). However, a spectacular C'<· 

ample of hydro~cn bonding in protein structure i.., the a-helix (Appendix 4). We noted in 

OIIIIIIIIIIIIH · O 

-{:>Z_}-
0 HllllllllllllO 

N HIIIIIJIIIIIIN:8' -{ ... ... ~· .... -
N HlllllllllliiN J 

H, ~ 

Primary hydrogen bonds (1111) 
Secondary hydrogen bonds ( . ) 

Repulsive mteract,ons ( - ) 
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Going Deeper 

Chapter I that an amide functionality of the sort found in a typical peptide bond has c~ccl­
lent hydrogen bonding capability, both as a donor an<l an acceptor. In an a-helix ,1 co~tinu­
ous stretch of the protein has all the amide hydrogen bonding potential complctt?l)' sati~fied. 
This creates a regular structure in the protein that nature l'xploits exten-.ivdy. Why is this hy­
drogen bonding successful in water' One factor is the way thl' amides .ue to !->001C cxte~t 
shielded by the u-helix !'>tructure, making the microenvironmcnt more "organic lil,..c". 1:h•s 
partic,l1} desolvateo.; tht' amides, making competition by water le!->S o( a factor. Another 101~ 

portant issue, though, is cooperativity. The repeating structure of the a-helix reinforces 
itself. Once a fo,, hydrogen bonds are formed, the syskm naturally propagates and each 
hydrogen bond rcinforc~s the next. This can be viewed as an entropic effect. Thl' first fc\,: hy: 
drogen bonds pay most of the entropic cost, making it more .rnd mon.• favur.-ible lo continUl 
the stretch of hyd rogcn bonding. 

How Much is a Hydrogen Bond in an u-llelix Worth? 
1 lydrogen bonding is the kt•y fo.itun: that holds together 
the ci-helix of protein ~condary structure. To quantify 
such an interaction, though, i-. more difficult than ii may 
St?l!m. We have already noted th!! probkm-. ,N,oci,1ted 
with placing ,·alue._ on hydrogl'n bond strcngths. I low­
c,·er, through a clever combination of organic chcmbtry 
and molecu tar biology, Schultz ,rnd co-work~·rs ,n•re abk• 
lo obtain a good cstim,1tc of the magnitude of the key 
hvdrogen bond of the a-helix. Perhaps surprising!\, the 
protein synthesis machinery, the ribosome, c.in be co,lxcd 
into incorporating .in u-hydroxy acid instead of an 
a-amino acid into a specific site in a protein. A,; .;hown in 
the picture to the right. this replace!'> the usual Jmide of the 
protein backbone with an ester, which disrupt,, the hydro­
gen bonding in the re-helix. By removing an \;H ,md 
replacing it,,. ith 0, om.' hydrogen bond of .rn a-hchx 
would be lost. However, it i._ also true that an amidL• car­
bonyl is a much better hylirogen bond accl.'ptor lhc1n an 
ester carbonyl, and so the b.-ickbonc c.ubstilution !>hnuld 
also weaken a second hydrogen bond. Ry stud} ing a well­
defined helix in a protein of known st.ibility, and by plac­
ing ec.ters at the beginning, middle, and end of the helix, 
it~, as possible to dis~ct out the contribution!'> of thl'st' 
various factors. 'I he substitution ol an esll!r for ,ln amide 

dcstabil1.-:l•d the 11-hl.'lix bv 1.6 kc,1I / mo!. Perhaps surpri'-­
ingl)~ the wcak(•ning of tl;c carbon vi as .in ,,cn•ptor W•1" 

dl•lcrmincd h, h,lw J larger dfl'l'l (0.89 i..c.1I/ mol) than the 
dl•lt•tion of tht• i\J 11 (0.72 kc,11/ mol). 

Koh J. 1 , C,,m,~ \' \\ , Jnd xhultL, I' I., "An lellp,.'rimentdl ,\ppl'(\.lCli 
tu 1 ,•,,luahng th,• Role of BaclJxl!l<• lntrract1on$ ,n Pmtdn• Usin~ U11"''

10 

ral Am1110,\nd \lutag,·1u$ls." 1Jmd1tmistry. 16 11114 11322(19'/i) 

Vi/Jratio11al Properties of Hydroge11 Bo11ds 

In Section 2.1.4 we described the nbralional prop •rt· d t t· 
1 

11 0 1· covilll'nt 
C ICS an po en ltl we ... . 

bonds. Anv bond possesses thcrm,11 motion C\""n at absol t d t ti 1.crl> point \'J• 
. ' , ' '- . LI l' Zl'f0, UC O 1l' . 

brallonal ,tatc. l·or a Dn-H bond formation of a hvd > b I A t • t . 111,, n,011°11 
, ' • H gen om to : c res nc s .. • 

of ~he ~ydrogen atom because thl' hydrogl'n is now restr,1in1.•d by two bonds r,1thcr than on\ 
Using mfrared spectroscopy to rnca.,ure the v·ibrat· 1 1 . . 

1 
I) 11 bl)Jld 1· h . mna requcnc1c!'> ot t 1e n-

t erefon! a good experimental Looi ior characterizing hvdrogcn bon~ls The vibr,ition•1I ff'l~ 
quences of both the Dn-11 bond and the H ••••Ac b d- · · d 

h h · on can 0ltl'n be observe . t 
W en ~drogcn bonds are formed, the single well potential that describe, Lhe co\'a)t'll 

On-I I bond 1s converted to an energy surface \vith t•·. . . fl . 1 dd 't"ilJll l>I tht? 
• • • . •" o m1111rna, n.> L'Ctmg t ll' a 1 . 1 Ac 11 bond (F1guJ"t>3.6 A). Thcs('cond mini mun, d ~ .6 . r h 

I 
dro,wn tron 

1 d h , _ . l:!->crt cs translcr o t l' 1\' " • t1e onortot cacceptor. lnatyp1calwe 1kh\•dr) b d h ... · ,rg,,i,.,r • , q;cn on , l t•rc 1s ,l s1gmficant cn1: • 



A. 
8. C. 

On-H•··Ac Dn-H••·Ac Dn•··H-Ac 

figureJ.6 
Potl'nti,1' l'nt•11u· ploh for the \'IVrdtional ,taft..., of variou, hydrogen bonds. 
A. A normal hydrog,m bond. B. a low-b.,rric•r hydrogen bond, and C. a no-barrier 
h}'drogt.•n bcmd. 

and·eri~~•hvwn thl' preferred Dn-H •••:Ac form and the Jes!, favorable On-••• H-Ac forn, I 
c1tiontl .n 

• . , ll' zero-point l'nergit•:.. for both are well below the barrier. 
th 

I 
hert: .,re characteristic \'ibrational modes that can be observed in the infrared spectra u,;:;;~ diagnostic of the double wdl potential and hence hydrogen bonds. T~ble 3.8 shows 

3.6 A t: t~h~s c1nd bends found for normal hydrogen bonds such as those dcscnbed by Figure 
b 1 • \\e find new frc,1u1mcie:- for the in-plane and out-of-plane bends of the Dn-H bond 
/

1 
also nl'\\' stretching ,md bending modes for the hydrogen bond itself. In keeping with th~ 

g 
1
,cture that the bond bt•twCt.'n the On and H atom is weakened upon formation of a hydro­

si~~ ~ond, the.• Dn-H strch:h mcwc:. to lo\\'er frequen9~ accompanied by an increase in inten­
h : 

nd 
band width. In support of the picture that the hydrogen atom is now held between 

'
0 

atoms, lht• lwnding frequcnck;; move to higher values. 

TableJ.8 
Characterislicc; Vibrational Modes for Normal 
Hydrogen Bonds, R-Dn-H ••• Ac· 

Vibrational mode~ 

Dn-1 l ,tn.>td1 
Dn-H in-plane b1md 
Dn-1 l oul-uf-planl' bt?nd 

f I• • • Ac blmd ~tn:lch 

I l • • • Ac bvnd b<•nd 

Frequencies (cm· 1) 

3700-1700 
1800-1700 

900-400 

600-50 
<50 

*Jl'tia•\; c::. A. ( I 'l'll!). ,A rt /11tr(.f1tcl"1fl to lly.frosn1 &ndms rropii'S In 

Pl111,urllCJr.i:izmcCJtnmstryJ, Oxford Unher-rty Pn-.,. O,ford. 

Short-Stro11g Hy,lroge11 8011tls 

bl Thl're are some important properties of hydro.gen bonds tha_t are evident from the dou­
lh: ~'cll potential of Figure 3.6 A. Imagine a case tor which placing the hydrogen on either 
. 

0 nor or thl' acceptor i-. of c.•qual energv. Further, if the &,tance between the heteroatoms 
;~:ade short, often around 2.4 to 2.5 A, th~ barrier to ~ansforof the hydrogen ~ond between 
lhc donor and acceptor becomes dose to tht: zero-pornt energy_of the vibration that holds 
D I-I atom in the.• complex (Figure 3.6 B). Hence, when the energies of the On-H •••Ac and 
th: ••• (i-,~c forms bccoml' t•ssentially equal and ~,e distance bet_ween On and Ac is short, 
f • barrier either become!> \·en· low orcomplctt>IY cJ1sappcars. _These hydrogen bonds are re-
3<!rred lo .1-, low-barrier hydrogen bonds (LBHB) or no-bamer hydrogen bonds (Figures 
:. 

8 
aou C). \ \'hen the b.1rricr to lran.;for drops com pletc!} belo" or is very dose ~o the zero-

bp 1111c.•nero,, th ll d n ,uitl'a,,idl•potent1alwell,andonaverage1scentered , . ·o., e \' rogen move, 1 t1 • • • 
t.:!l\\ el•n th .. d · d I Tl,e wide potential well is accompanied by a Jow"r '" onor .,n acceptor a om. '-

3 2 BJ.\/Dl;l;G FORCES 
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0 

Q¢g\ 
0 

0 

x¢fH 
0 

H 
d o 
~ 

Compounds proposed to possess 
low-barner hydrogen bonds 

forcl' constant for the stretching vibration, thereby having an interesting ramiflrnlion on i1-to­
topl' effects. Both thl• low-barm•r and no-barril'r hydrogl'l1 bonds .ire reforrl•d to a!-> short­
strong hydrogen bonds. 

The model that cml'rgcs from this analysi, is that Wl' c.:in l'XPl'l'l a LBI 1B in ,1 Dn­
H ••• '.AC svslcm ,, hcnc\'er the Dn and Ac atoms arl' very dost• and the pK. v,1lues of Dn-H 
and H-Ac Mc close. bl•cause this pub the two potential\\ 1.•ll-. at nearly equal energil.-s (see 
Section 5.2.1 for a discussion of pk,, valul•s). If :Ac b anionic, a-. is uill'n true for LBHBs, then 
ii is the pK \ alues oi Dn Hand H Ac that must bl· dose. \Vl• arc not silying th,11 ~omc "spe­
cial" stabiliz.ition occurs when thl· pK. , ·,1lul'" arl' do'>e, ju-.t that this l'rl'Jtes thl· -.trongl'sl hy­
drogen bond. The closer the pK,, v.:ilucs, the stronger the hydrogen bond. 

The Im, -b,.uricr .1nd no-barrier hvdrogen bonds pos-.l'S!-> considerable dl•~rccs of l'lcc­
tron sharing between thl• hydrogen atom ,md the donor .ind ,1cceptor ,1tom .... Jn thi~ regard, 
the bond is ,1 three center-four electron bond, and it has a rnnsiderable ilmount of co,·,1lcnt 
character. I lencc, the dirL•ctiunalitv of lhc..,c bonds is much mow important than for lr,1di­
tional hydrogL•n bond-., with linl'M Dn • • • H ••• Ac gcuml'lrics l°'l1ing strongly prd1.•rrcd. 

fhe dl'Pl'ndence of h\'d rogl'l1 bond strength upon bond length for a ..,eril•s of hyd rogcn 
bonds in the gas pha-.e is shown in Pigurl·3.7. for a series of 0-H • • • Ohydrogen bonds, lht.? 
em•rgy of the hydrogen bond i., plotted as a function of the O • • • O dist,mc'-·· lh«; plot is dc­
cidL•dly non-linear. Consider a hydrogen bond with ,m O • • • O distance oi 2.52 A. It would 
haVl' a hydrogen bond l'nergy of less _than IO kcal/ mol. Now consider lhl' w,:i-.cquencc of 
shrinking the hydrogen bond to 2.45 A. for a very modest nmtractiun of 0.07 A, the hydro­
gen bonding energy goe., up to more th,111 2S kcal / mol. This would now bl· ,1 ... hurl-strong 
hydrngen bond. 

35 

• 
30 

• - 25 . \ 
0 I 
§ 20 \ Ill u 

\ :!. 

"' 15 

10 
•'-

5 
22 23 2.4 2.5 2.6 27 28 29 3.0 

,(A) 

figureJ.7 
1 lydrogl'll hond .,lrl•ngth., as ,1 function ol hl'lt'ro,1torn Ji,..l,mH's in th,·~•'" 
ph,1~1.•. 5<.·l• lhl· fi r!'>I n.•forenn· for .,hort-.,t rong hyd r11g1.•n bomJ, ,ll 
lht• 1.•nd ,,r tht' ch,,pll'r 

_ The prototypical -.hort-strong hydrogen bond is bifluoridc (F-11- rJ , \\ hich has ,1 r F 
distance of 2.2S A and a bond strength of 19 kcal/ mol. Tabk• 'l9 shows,, hanJI ul of olhl'r hv-
drogen bond strengths for short-strong hydrogen bonds. · 

In solution, very -.hort distances bclwcl'n oxygl'n heteroatoms Jrl' ob ... crwd in 13-dikctn 
enols and some diacid monoanions. Shown in the margin .ue just .1 few structure!- pos­
sessing hydrogen bond length-. consistent with low-barrier ch,1raclL•r. 

At present, short -strong hydrogen bonds arc well documented in the gils phasl', and 
th~orelical studies support their existence, but therL' is still sumc ccintrover!-y ,is to lhl· .,ig­
n1ficance of lhl1 phenomenon in high pol.irity solwnts. If tlwv do occur in walL'r, thev h,n-e 
th~ pot~nti_al lo profoundly influence molecular rl'cognition ·plwnoml'n,, and cnzy~l,iogy. 
This point 1-. addressed further in the follmving two Connections highlights. 
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Table3.9 
Strengths of Short-Strong Hydrogen Bonds• 

Hydrogen bond 

F • •• I II· 

Strength (kcal/mo()' 

39 

Hydrogen bond Strength (kcal/mol) ' 

Cl ••• I IF 22 
Br • • • IIF 17 

F • • • HO2CC.H, 

F· • • • 1 IOCl-'3 
F· • • • HOPh 

21 
30 
20 
23 
24 

I ••• IIP 
CN ••• I IF 

15 
21 

F ••• HOH 
H,N ••• II 1'-11 --------------------

'fdrn•y, l,. A ( l<l<l~) An ltrlmd11(111m to lly,l"'Sm 8.m,fms (li1111ts III l'l1y,io,J Org11111< Cll,·mtslryl, Oxford Un11 <'Nly 
l'r.~ th lord . 

'\',,IU<"' W•·n· Jc1,·m1in,'li on th,· g.i< rh.1s.• by ion rvdotr,,n n.•,on,mc..-. 

Connections 

Proton Sponges 

l'rubabl) thl• most common use of moh.>cul.ir gl'<>mctries 
that l•nCorn• ,1 Vl'ry short ht'11.•matom hctcroatom distance 
i, in th<.' creation of" proton spongt-s" Th<.',e Ml' fuSl•d­
ring arom,itic di,1mincs wh1.•re the amines are oriented in 
,uch a w,l}' as to coo~r.1tively bind a single proton Three 
cx.impk•, of the wnjug.it1.• acid, of proton sponges aru 
shown to !ht• right. rhl' fir-.1 h,1, a pK. of 12.1 and the sec­
ond ha., a pK. of 16.1, while the third ha, a pK. of 13.9. 
·y hcr1.•forc, the Sl'cond compound is 10,000 times less 
,1cidi1.· than tlw fir,t. Since the ,ubstitution of the methoxv 
group, in thl' para po,ilion did not give the fourordL•rs • 
o( magnitudl• decrease in thl' acidity of the parent 
compound, it mu..,l he the .. tcric compres.,ion from the 
(l-metho,y group., that makes the center compound the 
ll',1-.t acidic. This ,hows how imporl,ml il is to enforce the 

Connections 

The Relevance of Low-Barrier Hydrogen 
Bonds to Enzymatic Catalysis 

Other than ju.,t gamtng ,1 b,1,,c understanding of the phe­
nonwnon of hydrogen bonds, why is the dio;cussion of 
.. hort-strong hydrogen bonds significant? Consider a ~ub­
o.;trate bound to lhL• ,1ctiv<.> site of an enzvme (or any other 
c,1talyst). As discu,-.cd in grc,1ter deta,1 in Chapter 9, 
enzyme., achil'Vc their rah.> acceler,1l10n by preferential 
binding of the tram,ition slate of the nMclion. Since the 
rnk acct•leration, .uc oftt•n quite dramatic, this pnfae11-
ti,1/ binding mu,t lx• sub,tanti.il. The problem j., that the 
enLyml• al ... o binds thl..' sub.,trate (the ground state), and 
on going from llw ground state lo the transition .,late, the 
geoml'try ch,ingl'.., ,in.• oftl•n sm.ill, ,md no n<.'w hydrogen 
bond., art· producl'd. I lowc, er, if a very ,mall binding 
ch,mgt• can h:ad to a wry largt! increase in hydrogen bond• 
ing cnt'rg}~ we havl:' the ideal situ.ition for prcforenlial 
binding of the transition state. B,1sed on this, then, the role 
of thl• L'nz.ymc is tn cn.•,1te a micl'Ot'nvirunmenl in which 

short distances between the heteroatoms to achil'\ e the 
short-strong hydrogen bonds. 

0 
,,.H•,, 

"Q? 
OMe OMe 

Compounds referred to as •proton sponges· 

St,1.11'>, 11. A , Kri,-gcr, l. lli,·b,.•r, l,., JnJ Ob<,rdort . ._, I !\, 
Bi,(J1ml'thyl,1minoH.S-,lilwdro,.,·n<1phth,1l,·n..-.. , \l,·utrJI 
lntramolt'CulMly Pmton,11L>d Proton Spong~· with Zwillcrionu: 
Structul\'," .41111,-u• C/1,•111 l111. f:J f11x. 36, 11184 18116(111'17). 

the necessary change in pK., of the substrate rdative to the 
transition state can occur. The pO!,tulate would be that the 
pK. of the transition stall.' is b<.'coming closer to the pK., of 
the functional group on the enzyme making contact with 
the tran ... ition state. It is well establi-,hed that a properlv 
designed protein em ironmcnt cc1n substantially alter pK. 
values (sec Chapter 5), and so this i-; an allractive mecha­
nism for enzymatic catalysis. 

Many studies have looked for low-barrier hydro-
gen bonds at cnz.yme active sites, with dl•cided Iv mixed 
results thus far. Currently, the question slill rem~in, as to 
whether LBI IBs are important in many systems or are just 
a novelty associated with specialized hydrogen bond.., in 
the gas phase. Stay tuned' 

C.crlt, I. A. ,llld C.Js,m,m, P. C.. "Und,•r-.t.lnJini; thl' Ratt'S ul C<•rtam 
Enzym<'-Cataty zl'd R.•achon,· Proton J\bstr,1.-tion from ( ,1rbon t\,id,. 
A.:yl-Tr.,n,ft-r Reaction,, ,ind Displa(<'ffil•nl Rc,1<hon, uf l'hosphoJ,_..,. 
ten.." B1Mlrc1111"1ry. 32. ll<J.13-11<152(19'13). Cid.ind.\-\. W, ,ind Krwv,,y, 
Ill. M. ' I uw•BJrrwr I lyJrogt•n Ektnd, Jn<i f n1\ mah•·C,t,,lv,1," Sm·llft, 
264 181!7- 1890 (1994) 
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Jn summary, hydrogen bond,; arc among Lhe most important of the binding forces, yet 
for lhc most part the) are purely electrostatic in nalurc. Although sc\'cral factors determine 
their strength, such as resonance, geometry, and the nature of the donor and acceptor, it b 
the solvent that plays the largest role. In compctilive sol\ ent svslems, a series of hvdrogcn 
bonds is required to impart a defined structure. The creation of arllficia I systems th.it posscsi:, 
various hydrogen bonding capabilities that mimic natural svstcms is an act-iYc area of mod­
em physical organic chemistry. The following Connections highlight '-hows a recent c,am­
ple of exploiting hvdrogen bonding for structural purposes in a totally unnatural system. 

Connections 

Ii-Peptide Foldamers 

A universal ft'aturn of proteins is that thcv fold into well­
defined, three-dimensional structures, parlially due lo 
hydrogen bunding(see Chapter 6) Thil> is cruci.11 lo the 
proper functioning of li\'ing l>)'Slems, bul it is alS<) a vl'ry 
interesting phenomenon. rt is perhaps surprising that it 
has not been a long-slanding goal of physical organic 
chembtry to learn how to m.1kc arlifici.il systems that ,fo 
lht:> same 1hing. What would it take to build organic mole­
cules that spontaneously fold mto well-defined shapes? In 
recent years, this fondamcmtalh· inlercsling 4ucstion has 
begun to attract the attention of phvs1ral orgilnic chemists. 

The targets of such research have been termed fol­
damers, and are dl'fined as any polymer or oligomC'r with 
a strong tendency lo adopt a specific, compact conformc1-
tton. Taking a lead from n.iture's best known "foldamer", 

3.2.4 1t Effects 

l'l?searchcrs have us~d amide hydrogen bonding,malo­
gow, lo Lh.-it Sl?i!n in the- u-hehx (App,.mdix 4) lo cn:.:ite 
well-defined, unn.:itural folds. A good deal c,f success ha., 
bel•n oblilincd by Sel'~ach .md Gcllm,10 with !3-pcplides, 
polypeptides lhc1t use ~-aminll ,1cid-. in'ill'ch.l uf tlwn­
amino acids ofbit>ll1gy. Oligonwr., of Jppmpri,1lc !3-aminu 
acids\\ ill fold into wl'll-dl'fincd structures. As wllh the u­
hl•lix, the major organizing fori.:c j-, llw chilins of ,1midl' 
hvdrc>gen bonding. This "pen-. up many m.•w opp,1rtuni­
tics for the rational dl"iign o l organil· molt.?( ules with wcll­
dt:>fined strudun•s and pr<1p1.'rlil'S. 

(,l'llrnJn, S. 11 " h1l,bfnl•r• ,\M,1mf,..,10 " 11,c Qu,111 RN, 31 173-ISO 
(ltl'ISI. 5t.,.,l,,1ch, D. Bt•,).. A K , ,mJ ffh-rb,1um, [) I H Jh.! W11rl,I ol ~ - ,111J 
-y•l'q1hd,-,; lumpn-..·d of I lom<1J.,i:n1,-..l l'n,1,•m11g,·n1, ,\mm,, ,\d,li ,mJ 
Olhl'r Ct>mpono.,nl~ "Cl1t'm ilr"111tvr •1ty. I I Ill 12., •1 (2fMl-l). 

In our discussions of ion pairing, dipole interactions, and normal hydrogen bonding. 
electrostatic factors played a dominant role. In fact, most binJing lorces have simplcelrctro­
stalic attractions at their origin (sec the hydrophobic effect, bdo\\~ for ,,n exception) There­
fore, regions of negative charge, no matter what their nature, will in general be attracted lo 
regions of positive charge, no mallcr what their nature. IL is thl' characlN of the pc1rlnen, that 
leads to our definitions and discussions of the forces. 

One region of negati\·c charge associated with a largl' number of m<.>lcct1 le._ deri \'cs from 
'1T systems, whether in aromatic structures or simple alkene~. The exblencc of such rt>gions 
leads us to expect 1r systems to be involved in a variety of molcrular recognition phenom­
ena. These interactionc; can be surpri~ingly strong, or at rimes, exceedingly weak; it b once 
again a mallerof context. Three general if binding forcl's .:ire discussed hl•rc: the- cation-1r in­
teraction, the polar--1T interaction, and '1T donor-acceptor inter.1ctions. 



Cation-,r fltteractions 

Anollwr non-co, alent binding force that is comparable in strength to a salt bridge or a 
hydrog~·n bond (dt'pcnding on the contexL!) is the cation-n interaction. This is the non­
covaknt intt>r,lclion between a cation and the face of a simple" system such as benzene or 
ethylene. Onlv in rl'CL'nt yt•ar-. has it begun to be appreciated that this interaction can be quite 
strong and can make significant contributions to molecular recognition phenomena in both 
biological and synthetic !-)"Stems. Figure 3.8 shows that in the gas phase the interaction can 
be quite slrong- tlw l.i ' •••benzene interaction is comparable to c.n·en the strongest hydro­
gen bond. Before we discuss conte,t and solvation effects, we need to develop a phy-.ical 
model for Lhc interaction 

Th<.> cleclf trl'nti of Figure 3.8-1.i• > Na > K > Rb -is reminiscent of the hydration 
tnmds we dio.;cu .. sed in Section 3.2.2. The hydra lion trends were rationali,.ed with an electro­
static .ind sL,c model, and an electrostatic model of the cation-1r interaction has also proven 
to be quill' powerful. I low can we develop an electrostatic model with benzene as one of 
the pc1 rtncr:-.? 

Thl• clrctrostatic model of \Yater binding to an ion can be described as an ion-dipole in­
teraction (Scclion 3.2.2). ·nw cation interacts with the negativ<.' end of the large permanenl 
dipole moment of water. Benzene has no dipole moment, but it does have a large, permanent 
quadrupole moment. Recall from our discu!>sion in Chapter I that a quadrupole moment b 
simply two dip\>ks t1lign1:d in :-.ud, tl way that there is no net dipole. The quadrupole mo­
ment of benzene is of the form in which two dipoles arc aligned end-to-end. 

Rl'<.all also that the quadrupole moment of benzene ari!>es because an sp2 C is more elcc­
Lronegatiw than I I. rhis cre.,lc!-i six C•' - 11~ bond dipoles, and under the symmetry of 
lwnzene, they add up to c1 quadrupole moment. Similarly, the four C•' -H6 bond dipoles in 
cthylt•ne combine to make a -.ubstanti,11 quadrupole in that molecule. This argument has 
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B,no,ng energy for Na· to substituted benzenes (kcallmol) 

Figure 3.8 
Thl• cation- 71' interaction. A. fhe baMc naturc ot the 
interaction anJ bmding cncrgie.., for sample cations 
to benze,w (gas phast' c:-.~rimental numbers). 
B. Tht· relalion'>hip belwel'n dipob and quad rupoles, 
and ,in 11lu-.tration of !>ix bond dipoles gi\'ing ri'>e to 
,1 molt?cular l)Uadrupole. '\Iott• that thl• ldt image i5 
top down on thc bcnLene, while Lhl' right image i'> 
edge on. C. Substiluent t'flects on thl' ca lion ·'lr 
interaction. These Ml' calculatl'Cl values. 5'.'l• also 
the analogous eleclroslahc potenb.il ,u rfact?, in 
Append,, 2. 
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nothing to do with aromaticity, and soi,; nut uni(]UC to bcnzcnl.'and itsdl.'rivative:-. While the 
empha,;is in molecular recognition ,;tu die'- has been on bcn.J:enc and its dcrivali\'es, ethylene 
and ,1cctylenc.' deriviltivcs can participate in e,actly the same way. Anoth1.•r important point 
is that the multi pole cxpan:-ion-pole, dipole, quadrupole, octapole, . .. -is 1wt ,1 pl'rturba­
lion ..,cries. Term" do not gel progrcc,-.ively "!-tmallcr" as we move a long the :-t•ries. There i.., no 
reason that a quadrupole cannot bind an ion electrostatic ally just as well :is a dipole, and lo 
first order that is what is going on in the calion-,r interaction. Another way to vbualize the 
quadrupole moment of benzene b by vil.'wing the electrostatic potcnti.11 surfaces of the mol­
ecules. As shown in Appendix 2, the l'lectroslatic polcnti.1I surface u( bl'nzene b negative on 
the face of the ring and po,;itivc along the l'dgc. Ag.-iin, it is C\'ii.knt th,11 catiom,shoulJ bt• at­
tracted to the face The same is trut• for alkcncs and alkym•s, a.., shown in the l'll.'clrosl.-ilic po­
tential surfaces for the~ molecules. 

Once we accept the existence of quddrupole momL•nts and ,1pprl•ci,11c that they can bind 
ions in the ..,amc way th;iL dipole moments can, we should not bt.• surprised by any o( th1.• ,r 
effects" of Lhi.., section. fhe only -;urprise is Lhe large m,1gnitude of the effects. For cx,1mple, 
water binds K in tilt.' gas phase with~/ I = -18 kcal/ mol, an interaction we would dc..,cribc 
to first order as that between the dipok of ,,·ater and the ion. Benzene birnh K in the gas 
phase with ~H = -19 kcal/ mot. Clearly, a quadrupolt.• can com pell• with,, dipok•! 

As with other strongly e lc.•ctrostatic interactions, we would cxpc.•ct the c,1tion-n interac­
tion to be strongest in the gas phasl', slightly weakenl.'d in organicsolwnb, ,md significantly 
attenuated in al1ucous solvent. This is true to some extent, but the weakening of the interac­
tion on moving into water is much less th.m we might expect. foor example, the nwthylam­
monium • • • acet,1ll.' ion pair is worth ~ 12.0 ken!/ mol in tlw gns pha..,e, but S 2 kcal/ mol in 
water. On the olhl'r hand, tht• mcthylammonium • • • bcnze1w c,1tion-1r interaction is worth 
only 19 kcal/ mol in the gas phase, but is ~ 5 kcal/ mol in water. Apparl'ntly, ,,·,,tL•r is much 
less effective at attenuating a cation-'li interaction than ,111 ion pair or a hydrogen bond. 

There appear to be two reasons for the retained ..,lrcngth oi thl' cation-,r intL•raction in 
v.-ater. First, remember that one component of the calion-n interaction, thl' bt.>nzcnc, i:- hy­
drophobic So, to co\'er one face of it with an ion might be favorable in waler (sl.'e the discus­
sion of lhe hydrophobic t.>ffcct gi\'en bdO\•:). 

!he second issue is more subtle ,ind compll'X, but relatL'S b,1ck to nur ec1rlicr discu..,sion 
o( Born salvation and the substantial long rangl' solvation th.-it waler exerts on un ion (Sec­
tion 3.2.2). fhb long range solvalion arises becausL' wall.'r molecules will tL•nd to align tht.>ir 
dipoles for a favorable interaction with the ion. At long dista11Cl''i these w.1lcrs .ire not locked 
inlo a particular orientation. On average, howe,·cr, there i!-t a tendency for lhe wak•r dipole.., 
to be found morl' often in the favorable rather than the unfrtvorablc dipole orientation l\ow 
consider an ion pair at dose contact. What should a water molL•culc th.it is 8-10 A ,1w.iy do 
with its dipole? Many waters ,.,·ill be essentially l.'quidistant fmm the two ions, and it will 
not be possible to achieve a favorable interaction with one ion without simullaneou-,ly 
achieving an unfavorable interaction with the other ion. ll is as if forming the ion pair ,wu­
tralized the charges, or al least that is what the mon' distant solvent moll.'cules must fl•eL On 
the other hand, when a cation binds to ~nzcne, there ic; no charge ncu1r.1liz,1lion-thl.' sy-,· 
tern remains a full cation regardless of the '>cparation betwel'n the interacting partners. Full 
"Born" solvalion rs possible. 

The electrostatic potential surfacl-s of simple aromatic:- nlso nicdy ration,1lizl.' the sub­
slituent effects on the cation--rr interaction (f,igure 1.8 C) Thcsl' effect... arc nol what might be 
immediately expected. Usually we think of ph,mol ac.. electron rich, and :-o it is a bit surpris­
ing that it is not a better cation-'TT binder than benzene. I iowcver, thl· electrostatic potcnti.,I 
surfaces fully support this result and the other results of Figul'\.•J,8. lb ,1 considl'r,1blc e:\tl.'nt, 
the cation-,r interaction i~ more affected by the inductiw influence of,, ~ubstitucnt th,111 by 
n donation. 

In summary, although less well known than ion pairs and hydrugcn bonds, cation-;r in­
teractions contribute significantly to molecular recognition. They are \'cry common in pro­
tein structures (Lys/ Arg interacting with Phc/Tyr/Trp), ,md mnny binding sites forcaliomc 
ligands use cation-'Ti interactions hee thl.' example giwn in the next Connectionc, highlight). 
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Synthetic rt'Cl'ptor~ such as cydophanes can substantially exploit the calion-'IT interaction in 
binding (st'l' Sl•dion 4.2.5). Also, in crystal packing and many catalytic systems, callon -'IT in-
teractions c,111 be important players. 

Connections 

A Cation-n Interaction al the Nicotine Receptor 

Acl'lylcholim.· (A Ch, ML',\. U I_ GtOC(O)lH ) 1s a com­
mon m•umtr,m-.mitt\,•r l-n~r) tinw you movL' a musclt• 
\'O)unl,\rily it i, bl•c,1usl' this ,mall. calionk moll'cule i, 
n•ll•,1sL'd from ,1 nl'f\'fc' ll•rminal. drifts aero-., the ,vnap,c, 
,1nJ bind, tt1,1 ,pl·cific nl•uronxl•ptor. l he same pmce"" 
also onurs in thl' br,1in, ,md inh.m•stingly, nicotinl' is 

has a predicable and 1uldil1l'e effect on lhl' quadrupole 
momc~t, ,ind hence the cation--'TT binding ability, of simple 
arom.it1c-.. Al the receptor, the tryptophan of intL•rest 

,1blt• to tool tlw neumwceptor ,1nd l'licit a physiologiml 
rl'spt>ll'•l'. for this n.-a,on, thL' rcc1•ptor is cal11?d tlw nico­
tmil· .icl'lyldlllli,w ft'(L'ptor {nAChl{), and thl' first step of 
nicotinl' ,1ddidi1m is nicotine binding to lhi-. receptor m 
tlw brain. ·11w nAChR is., c11mpll''I., inh.'gr.il membrane 
prott•in, .ind no rrystal stn11:tun: is ,wailable I lowt>n•r. a 
c,1tion-'IT inlL'r,1dion is in\'uln-d in binding ACh to the 
Tl'n•plor ro pro\'c this, tlw electrostatic mOlil't of the cat-
111n-'IT inll'r,tdiun ",i-. in\'okl•d, In p.uticut.ir, at ,1 specific 
tryptuph,m rl•,iduc of till' n't:l·ptor, succ:l',sin· t1uorination 
wa ... u>it.>d tu m1)dul"1l' tlw cMinn-'IT inll'raction. rluorinc 

was succes:.1vely replaced with monot1uoro-, dit1uoro-, 
trit1uoro-, and tctrat1uorotryptophan. and ACh binding 
was ffil'asurcd. A lineM free l'nl.!rgy relationship was seen 
lwtwL'Cn cation-'IT bind mg ability of the aromatic and thl' 
dfccti\'Cness of A Ch at the modified receptor (see Chap­
ter 8 for a di<;cus.,ion of linear free energy rel,1tionships). 
fhis l'ffect was st'cn at only onl' spL•cific tryptophan, estab­
lishing a c.illon--rr interaction between the quaternary 
ammonium group of A Ch and this aromatic group in 
th1• protein. 

lh<'nl\, \\ ,, t,;alhv,,n, J P., Zh,tng, Y, Li, I , I ,..,h•r, H A., ilnd Douglwrtv, 
0. ,\. "fmm,11• 11111,oQu,intum M .... han,c-. to \fol,=1,ir :--t•uri,b,o]1,gy: 
,\ t.1ht1n-1t liindmi;S1te tn th~ -.:iwlln,c R,-.:~ptar" /'r,,r: ,\'111/, ,1,,,./ ~n 
IUSA I, 9S. l 211811- I W91 (I Q98). 

Polar-a illlernclio11s 

\\,1ter bindsr,1hon-; L•lectrostatically by aligning its l,,rgc permanent dipole moment ap­
propriak•ly. B1.•nzcnc binds cations electrostatically by aligning its large permanent quadru­
pnlt: moml•nt ,1ppropriatdy. Docs this mean that benzene is a polar molecule? The most 
..,L'nsibh.! ,mswcr is "yes". Typic.1ll y, to say a molecule is polar is lo say ii has a substantial, per­
manent dipole monwnt. But why shouldn't a t1uadnipole moment count just as much as a 
di poll'? Ii a mokcuk c.1n bind ion-; strongly through a predominantly electrostatic interac­
tion, it should be considered to be polar. Benzene is polar-it's just quadrupolar rather than 
dipnl.ir. J-hrn.·l'\'t•r, bt•nzenl' is not a polar sol\'cnt and is, in fact, hydrophobic, too. This em­
phasizt•s a dear distinction bi.!IWL'l'n molcculnr phenomena and bulk, condensed phase phe­
nomL•na. The two arc not alway., tightly coupk•d. 

If benzene is a polar molecule, ii should c,periencc molecular phenomena besides just 
cat inn binding, similar to what other pol.1r molecules do. Water binds water well, and ben­
:tl'l1l' binds watt•r, too. lhc binding energy between benzene and water is 1.9 kcal/ mol in the 
ga.., ph.N?, antl tht• geometry is as expected with the waler hydrogens (the positive end of the 
water dipole) pointed into the benzene ring (sec margin). Similarly, ammonia binds to ben­
zene with 1 A ki:.,I / mol of binding energy in the gas phase. In a non polar solvent such as cy­
dohcx,mc, LhL• binding bl'twecn the '\JI I, group of aniline and lhe face of bmzcne is worlh 
I .o kcal/ mol. 

Such inlL·ractions haw been called hydrogen bonds to benzene. Hov. ever, this seems to 
lw pushing the hyJmg1..•n bond tksignation a bit far. A preforablc term is a polar-n interac­
tion, to indicat1..• that ,l conventionally polar molecule is intcr.1cting with the quadrupole mo­
ment of ,l 'IT syslL'm. Any hydrngcn bond donor, such as an amide NI I or an alcohol OH, will 
expcriL•nn• a favorable ckctrostatic interaction with the face of a benzene ring because of 
tht• l.uge bond dipole associated with the hydrogen bond donor. Although weaker than a 
cation-,,. intL·r.1ction, thC!->l' pol.u-ir interactions arc also observed in protein structures, and 
arc important contributors to ,;olid state packing inleracttons. 

n Hydrogen bonds 



184 3 
LQI u1·1or-:s Al':0 NON- COV,\LEN r IIINPINC roRCLS 
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Connections 

The Polar Nature of Benzene Affects \ 
Acidities in a Predictable Manner 
The polar nature ofbcnzl'nl! can mflu~nce ruaclivily in pre• \ 
dictable ways. For exampll!, the subslltuted bl.•nzo1c acid 
shown to thl! right has a -;ubst,intially p11rturbl'.d p~ ~alue \ 
of 6.39 (X = y = 11), compared to-t.2 for benz<)'.c acid •t~l!lf. 
This is consistent with the n~ative cleclrostah~ .J":>h.•nh,11 
on the faces ot thl! neighboring phenyls dcstab1hz1~g thl! 
ionized carboxylatc, thereby shirting the pK. to a h1gh1:r 
value. Substiluents X and Y influence the pK. lhurthl•r m 
wavs consistent with this moJel (~c cnd•ol-c apti:r 
Ex;rcisc 4 on preJ icting these pK. ~hifts). 

I 
I 
I 

y 

Carboxyllc nclds have 
prechclable pK~ sh1ft5 

~:;;:~:-1 • and Sll,;.:I. J.S. -rhmuF,h Sp,1re Polar'"1t rlt,•~ts ~n 1he 

d dll d ..,,,,
1
,n8ondingOin.,c,tyolCarbox\·hc,\ o d!>. I Am. Ac1 11n m V ._,, ,- • 

c1v .. ,:s:..•. ni c;•1,;<1 5%00ll'l41. 

Stacked 

0 
<Q> 

T•shape or edge-to-lace 

Displaced or slip stacked 

1t-n Stacking geometries 

F F 
F~F 

. F')--(F 

<Q> 
Arene-perlluoroarene stacking 

Aromatic-Aromnt ic I11ternctio11s (,r St1tcl..i11g) . . . ,n 
. . . . . k" G •m•rall\, ,t ,.,, 

One of the most m1!'tu..,t.?d term.., 111 molecular recngmllon 1s 1r stac ·ing. I.' •o-rr"Y". 
ill-defined concept that would scl'tn to imply that it j.., ..,omchow r.worable to ... tac\.. t", ·tt:,irl}' 

. f b •n1cnc " l terns on top of each other. I lowcvcr, the electrostatic putcntial ..,urlJCl' o c will k,W 
shows that this i.., nol the case. To dil'l'ctlv <,lack two benzene.;; on top l)f om.• anolhCr 

to an adverse electrostatic rcpuls10n h other. 
f\.e, erlhcless, simple aromatics Jo experience f.worablc interaction._ with c,1Ctl ,r 1h,1ll 

. , i~ pC l 
For simple system.., hke benzene, lht.• T-i;haped or edge-to-face gcl11t,t.'lr) . , oi thi' 

I r · · t· I (the t,ic1. 
stacking. fh1s geometry ~ JCC.., a rc~1on o ncgaltv~ dl·ttro~tattc potm ia c ,as ph,1'"~' 
nng) in contact with a region of pus1llvc c\ectrost,1tic pot1.•l\ltal (the cdgd. In th g •herr ~, l' 
this j.., the prcterred geometry, with a .lI I of roughly-2 kcal / mol. H\'cn in wat_cr, \\ f thl' hY­
might expect the hydrophobic effect to fo,or the stacked form (sec thl' disniso;ll,n ° ,.; 1h,1l 

· · · I h · I trocturl'. drophobK effect bl•low), t 1e T-'> aped and d1splac,:d ~tack.., are two of sever,, ., 
arc preferred over the stacked arrangcmt.•nt. ·nl'd· 111 

1. d I h t\.•obt•11 f In some more comp 1cate slructun.'S t w T-s aped geometn· c.:inno vl'. '"il~ l) 

• 1· ~ rcS'" · these_ cases, then, i l_ 11- best l~ for~ a d isplaced or sli ~ped stack. ·1 ~b still ,1. ig~ hi.; t)'P" lll 
positive clcclroslatic potential with regmns of nL·gattw electrostahc potc11t1.1l. 1 

1
,l'nl 10 

"'IT stacking" is energetically f.lvor.,blc. There is also a l,wurabk• hydrllphobic con'P
0
t 1i:ki11S 

the slipped stack interaction (if waler is the solvmt-:.ce below) ... uch that ..,\ipped "',\i:. \\'e 
· · I · f I nthrJCl'.1 

• becomes increasmg y 11nportanl or arger arenes such as naphthalene' or a ,·cit,· 1~ 

Lh • • ' rl101J I ' prefer e term aromahc-aromahc interaction (or 'iT-'lf interaction, because' •1 . ,gil1n~ 
not really the ic.;sue here) lo 'IT st~cking. because it does not impl) thL· d1rl•ct owrl,1P 

01 
rl'. 

of negative electrostattc potential. , i"' ju~t 
N~te that the bt•nz~nc~-be~zene interaction, especially ill the T-... huped gt.·0~1c~r~f \,.,1ter 

the logical extension of the notion that ben,enc is a polar molecule, like w,1ter.1 hu ' 
binds water clectrostalic,1lly, which it dlX'S, bcnzcnl' ~hould bind bcnzl•ne. 

T'1e Are11e-l'erf111oro11re11e l11ternctio11 Bl."' 

While H 1s JL..,", eh.:c.tronegative than an sp C. r i'> more electroncgutivc th,1n an~,• ~.,t 1" 

cause of this, i~ turns ~ut that hcxaflut~ro~el\.Zcnc (C6f 6) has a qu,,drup<1h.? rnom~t~giot; .. 
roughly equal m magmludc but opposite m sign to th,lt of bel\tcl\c. Thi, ml'•'"' th ti,,\ 11) 

f · I t t t· t · 1 · b · ,otl'f1 
• · o ncgall\"C e ec ro.., a 1c po entia 1n cnzenc arc r1.•gi()ns of plhitivc dcctroc;tal1C f . i tht .. 

C.,Ft,, and so on Sec lhel'lectro..,latic potential surface in Appendh: 2. om~ implh:,1~
1t'

1
~ :ctio11, 

i"- that bellzene and hc>.afluoroberucnc ..,hould experience n fiw,,rahlr stntki11S wttr 
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which can be vil'Wl'd as J quJdrupoll'-quJdrupolc interaction. This b indeed the casl', and 
the most dr,1m.1tic manifestation i._ reflected in the solid state properties of the systems. Ben-
zene melts ,lt 5. 5 C and forms a herringbone structure in the solid state that maximizes the 
T-shaped inler,1etion. Hc,alluoroben,,ene melh at .J.0 C and has the same crystal structure. 
Hmvt-\'er, ,l 1:1 mixtun' of till' two ml'lts at 24 'C and has a totally new crystal structure that 
emph,1sin•.., pl'rfl'cl stacks of ,tltl'rn,1ti11g ben,-cne-hexafluorobcnzene molecules. It is ran• 
that a mixture is highl•r melting th,m either pure compound, and this result is a potent 
!e!-.timony to thl• power of elcclrostalic interactions involving 1T systems. It turns out th,.., 
inll•raclion is general, such that ttlmost .iny simple anme will stack with the analogous 
Pl'rfluoroarl•ne in the solid !->late to form a mhcd crvstttl of exceptional stability. An e,am-
P!c of using thi interaction in m.tteri.ils chemistry is given in the following Connection!-. 
highlight. 

Connections 

Use of the Arene-PerfJuorarene lnter.:iction 
in the De'>ign of Sol id State Structures 
Ont• of lhl• JTI<hl ch,tlh.:nging goaJ.. uf mot.ll'm php,ical 
'.>rg,ln1(' chl'misl ry is thL• r,tlion,11 dl,;;i~n ol solid :.l,1te p,ti:k­
ing p,lll<'tns-so-<.alll'\f crystal engineering. Many p_hl'­
noml•11.1. m1hl nol,1bl\' non-li,waroptics ,1nd magndi,m 
(sec Ch.1pll'r 17), arc ,;,o,t C<.>mmonly ob-.ern-d in solid.,. 
1 hl''>4.' ,ind othl•r rm,re mundane, but \'Cl)' import,:int prop­
l'rtil',, likl' solubility ,ind pnXl~,.1bility, Jt.'p<.·nd .. trongly 
on the C.\ad p,1cl,,;ing p,111,•rn in thl· Cf)',t,11. Progress h_a.., 
bwn "low. It ha, bel•n rnn,idl'fl'd .i ".,c,indal" thJt, wilh 

modl'rn thl'oretic,tl nwthod., ,md ... ub-.tantial computa­
liunal fl(>Wl'r, wt• ,till cannot prl•dicl the most b,i,-ic prop· 
l'rty ut ,ln organic mok'CUk'--n,1ml'I); it:-, melting point. 

I other and aligned pmpl'rly. An intefl•sting systl•m would 
bl.' diphcnyldiacetylenl' (mp= 87 C). but 11 crystalh,-es 
in a fonn that is not conduch·e to ph<ltopt,lvm~•rization. 
Tht• sanw is true of pcrfluorodipheny ldiacl'tyk•ne (mp= 
11.J C). llowcver,a 1:1 ml\tureofthl•hvodiacctvll'nl'S 
(mp 152 °C) docs crystallite 111 the propl'r form bt.>cau,l' 
of the an.•nL'-pcrfluoro.trt'nl' supr,1moll'cul.1r '>)nlhon, 
and photopolymt•rization i-. po.,...ibll'. Photopolvmcri-

1 

zation c,m al'><> be st-en in pure crystals of phenvl (pcnta­
nuoro)plwnyl diacetyll•ne (mp 124 C), which nicl'I\ 
crystalli,-cs int_o a -.t~ckl'd structure. Other cxampll's of 
!'>Olid st,1tc engmCl·rmg through the af\.•ne---p<.'rfluoro.trenl' 
... upr.:imolecular synthon havl' al"° b<.>cn ~'l'n. 

As lhl• \•r.iy cry~tallogr,1phy oi .-.mall molt'cub ha., 
bwom(• fairly routim·, .1 l.irgl' d,1t,tb,1-..? of ,tmctun•, h~.., 
~cvefopl'd. From this, i.:crt,1in p,tllt'ms t>f fa\'ora~I~• pa<.k: 
1~g pallt•m~ h,l\'t' emergt'd. ,\-. .1 Jl('ll'nli,11 org,rnJ11ng pn: 
Clpll' for thL• lil'ld, thl• notion ot ,l supramolecular 1,y~th0 I 
has ~n prupnSC"d (S(·C tht• next ch,tpter for a discu,,,on of 
supr.:imok•c-ular l'hemi .. tn·). This is ,1 recurring, -.upr_amo· 
lel'ular n1otit (al,o know~,,., ,l non-('(n·alt•nt mll'ract1on) 
that app,.•ars freljuentlv in m<lk•<.ular cry,t,1I ,tructurcs 
'.1nd l'nrnuragl'.., struct~r.11 ordl'r. ~I.my of thc ,,·nlh~ms 
lll\'~ilve hyd rogcn bonJing ,md / or md_al.Ctl()rJi~•~11

:"• 
\\ hill• othl'rs involvl' rdakd ell•l'tro,tatic mter,Kl1t n. · 
Unl• novt•I intcr,ll tion that hJ!> t,l-cn L'"'tabli-.hL>ti a'> a wa,· 
10 d(',ign '>Olids is the ,trenc-p<-rtlut1nl.ll'l'0l' interaction. 

A._ ,tn l'xamnl(' tlf tlw ll"t' <lf ,1 supramolccul.1r_-.vn-. 
th · . r • f '_; t I • d1JCl'h • on in matl'r1,1ls dt•,i>:n, \\'C con~1dl'r .,o Ju' .:i l • 

ll'n" I , . . I . ht) r·,ngle crystab ot 
~

0 po )nll'flZatmn (~"'i.' hl Ill' ng . ;, · . . .J 

~ d ' h t pol)•rnen1t-u 111l' ldCl'lyk•nc deriv,1li\'l'", C,ln bl· p O ll . 
lo nod · . • 'th"n thecn-stal. r· r uw fling con1ug,1tt.>J ch,1ins \\ 1 1 • • ~ 
Bt_,,..,. f I • 1. ·lich nofymcn1c "•Use o t wir extt•n-,in• nm1ug,1 10n. s r - • . 
~i<Kl•tyll•nes h,1w now! upti..:-.11,tnd dt>elrical pn1ix'r'.1esj_ 
for I h J • ti . ,,w must en: -.l,l . po ymeri,.atiun to llCCUr, t l ' lilll' )L . • 
hzt• ,·n . . .. I . du -1·,c to polvml'rl· a spec11Jcgc-oml'ln· t 1,lt , .. con c.. · h 
zaf • It 'near l',lC 

100-lhe pokntiJI r\'actin: Cl•ntc~ mu, x 

--Co.11,-s,G,\\'.Dunn, \ R llcnhng,t_M .Douglwrty,0.A ,fld 
(,rubb,i, R A "l'h,·nyl-1',•rnuoroph<"nyl St.,d,mi; lnter,irhons: \ l\;i•w 

s1r.i1,11~· IM !,uperrnole,:ul, C,, ,lruchon." An~..-u1 Chi-m Im . . J f . 
'lo 2411(1997). 
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B. 
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Donor-accoptor Orbital m,x,ng 

NC CN 

* 
\ t 

NC)tN 

f=\ 
NC CN s ~s 

)( X NC bN 
'=1 

Donor-acceptor dimers 

H ·o---r, 
H 

Figure3.9 
1-. \,1mpll•,- of inll-rilctions 
involnng induc\.'d dipoll's. 
rlw t•llipsoid n.·pn.><-ent, ,1 
nunpolar molecull', and the 
colon.'<1.:irrow n.·pn.~nts 
th,• mduced-dipole. 
A. D1polt.'--inducl'd~1poll•, 
B. 11J11 ·induc,•d-dipole, ,ind 
C 1mluc~i-J1poll"--induwd­
d1pull•. 

,r Donor-Aac11tor fttfrmctions 

Thl' last binding force that we l'\,tminc which, at ll•,,st in p.irt, has it-- nri~in in l'k•ctro­
static altr.ictiom, is the ,r donor-accl.'ptor intL•r,1ction. A donor-acceptor interaction occurs 
between any two molecules, or regions of a mokntle, wlwr1.; Ont' h,1s ,1 ki\, enl.'rgy l.'mpl) or­
bital (acceptor) and the othL•r a high L'nergy filled orbital (donor). When these two orbitals 
arc aligned propt.•rl~, some extent of charge transfer c,111 occur from thl' donor lo the ac­
ceptor. I his is a st,1bilizing intt•raction. We c,.imincd in Section 2.J sc\'eral examplt.•s of or­
bital m1xings that were important for the conformation-. uf hydrm:.ubon.., th,1t cont,1in hct­
t.•roatoms I\ donor •,icccptor intcractiun in lhilt conl,•xt wa,; defined as a lrnw p.1ir (or ,l tr or 
n bond) that could donatl' tow,ird a lo\\'•lyingt.•mptyorbit,11, pos-.ibly an ,mtibondingorbital 
(rcc.:ill the ,momeric effect). A donor- ,1l'ccptor binding inll'r<1ction is ,mother \\'eak force that 
can be used lo impMt structure and hold compounds togclher (..,ct.• the fnllt>wing Connec­
tions highlight). 

The system-. Wt' .ire considering herl' dtffL•r 1n t\,o \\ ,l\ s lrom thL' ._i,nplt• orbit.ii mi,ing 
described in Chaptl·r 1. First, the donor .md acceptor .:ire not p.ut of the sJlllL' molecule. SL·C· 
ond, the L·nL•rg) g,1p bctWCl'n the inter.Kling orbitals is mtKh sm,11lt•r lt.•ading to ,l stronger 
111tcraction. To achtL'\'C this, tlw p,1rllwr-. in ,1 n donor-,1Cceptor interaction an.> gl'ncr,1lly 
heavily substituted, one w1lh electron withdrawing group-. and one with t.•k·ctron don,1ling 
group .... ror example, tetracyanoethylcnL• is an c,ccllcnt acceptor, ,md it lorrn:-. complexes 
w I th electron rich svstem:-- sue h as lwx,1methv lbcnll'm' ,md tetra thi,1 I u I,· alcnl'. 

Ge1wr,1lly, a lar~e l'Xtl'nl otchargc tr,msf;r kads to colors. roa•,,1mpll', ll•tr.tL\",llllll'thyl­
L'ne and hexamt•thvlbenzcnc form cl com pie, th,11 is deep purple No new bonds .Hl' ronnl'd, 
howen•r, as each p.1rtnercan bt.• re-isol,1tl'd int,,ct. Furtlwr, tctraC) illl<Wlhyll•m and tl'lrathi.i­
fuh alenc crvstalliZl.' as an .ii most bl,1ek solid. rhl complL•xl.'s formed betWl'l'l1 the donor ,111d 
,Kccplor arc refcrrL•d to as charge-transfer complexes. lhl: color ,irises from an absnrb.inct.• 
of light th,1t promotes an electron from the donor to thL' acceptor (we will rt·lurn I<> this in 
C..haptcr 16)-thc full charg1..· tr,,nsfcr occurs in thl' excited stall.',\\ hilc only "orbital mi,ing" 
occurs in the ground -.talc. J'lw c1bsorbance found in lh1: U\' ,'vis spl•ctnim th,1t is indk,1ti\'l' 
of thb L'IL•ctron transfer is c,1llcd the charge-transfer band. It is tlw prc:--enCL' of this d1,1rge­
tr,1nsfer band that most clL•arly distingu1shl's this I) p1.. ol mll.'raction from lht> others in­
volving arenes di,;cusscd ,,bm·c. For ,implc wstl.•ms, no chargL'-transtcr b,md is ..,l'l'll in,, 
cation-ir interaction or an t1rel1L'-pt.•rfluoroarene intcr,11.."tiun, and so the l'IL•t·trostatil' model 
is emphasized over thL• orbit,1I mixing/ chargt· tr,1nsfcr model. Wlwn color appear:-<111 l'Om• 
plL•xation, though, the orbital mixing model takl's precedence. The true situ,1tion is a contin­
uum, with \'arying degrees of both elfocL., occurring in diffl'ring systems. I lowl'\'l'r, il is im­
portant to note that the electron transfl'r that gi\'CS rise lo the oplic,11 cffL•ct cuntribuk•s littlc 
to nothing cncrgetiralh to lhl a-.soci,1tion of tlw donor ,llld .iccl'ptor. 11 is tlw orbital mi,ing 
in the ground state that drives the association. 

3.2.5 Induced-Dipole Interactions 

Thus far, ind 1scussing c;ome of the primary binding furcl's, we ha\'C em phasizcd an elec­
trostatic model. ThL· underly mg principle is simply to nl<1ll"h rt>gion-. of po-..iti\-c ch,1rgl' with 
regions of ncgati\'l.' charge Wt! did this because such cl simple mcxiel is in f,1ct lJUitc succe..,..,. 
lul in making qualitative prt•d1ction-. ,1boul the gcometril•s of interactions bL•twcen mole­
cules and the relat1w strengths of mmbondin~ interactions. If, hnwe\·t.•r, \\'L' w,lllt ,1 fully 
q11a11titnlit'e model of such interactions, we must gt.1 beyond elcctwstatics. It i-. certainly true 
that when a cation moves close to an anion, thl• ek•ctronic wa\'elunctiuns of the two ch,inge 
in response to each other's pre:-.encc, and this change is termed a pul.1rization . This will Cl'r• 
tam!) enhance the interaction, and the same will happl·n in hydrngt'n bonding, dipole in­
lL•r,1ctions, or 7T intcr,1ctions. In such., c,1sc, no rundament,1lly new dfl•cts arise from consid­
L'ration of such polarization-we simply get,, better qu,mtilt1tin.- picture of the inlL'rilCli(.)n. 
f fowe\'cr, the perturbation of the wavdunction of,, nonpol,1r molL•cull' by a polar nnl' leads 
to electrost,1tic attr,1ctions that oth~rwi-.e v.-ould not h,Wl' c,istcd (F1gurl' 3.9 A ). 
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Connections 

Don or-Acceptor Driven Fold ing 

One oi the fir-I studws of foldamcr.-centcred on mole­
cules th.ii lorm n•producible secondc1n· structures due 
to ;r don<1r-.:1cu:plor interactions. Stringing togcthl'r and 
altl'rn,1ling amm,1tic donor-, ,md .1ccl.'plor, in thl' short 
nligomershown below led to the well-defined .,ecnndarv 
slructuw that j., .,hown .,chcmatically. The ohgomer was 
calkd ,1n aedamer. 11rllm,1tic t'lectron donor-acceptor. 
The!'\! is c1bo a significant hydrophobic l'flecl driving the 
wndl'll"Cd and stacked arrangement in waler. X-ray crys­
tallogruphy of ,1 co-crystal of tlw monomeric donors and 
,KCl'plors confim1cd lhl• prelcn·nce for an altematmg 
structure, ,md UV/ \'is analy,is ,howcd the spectroscopic 
chiln~cs inJicati\'l' of the stacking arrangement. This ban 
l'\Cellent c,,,mplt> of thl• usc of,, sm,111 molecular binding 
furn• to a,.',lll' ,1 l.1r~c ordcn•d structure. 

l.o!..,•v, S L~ anJ ln•r,;on, B L. ~s,-ntlw11,· M,,l,'<ul<-. that Fold ,nto,, 
l'l~a1t>J St_'C1>nJarvs1ni<1urt' m S.11~11011 "Naturr, 375, lOJ-30;(1•1<15). 

0 H 
0 .Jl.vN 

0 

lo11- l11d11ced-Dipole l11ternctio11s 

Linear aedamer 

Folded structure of 
aedamer In solution 

o l 

Consider bnngang .1 small cation near a molecule of ethane. Fleclrostalically, we expect 
l'sscnti.1l ly no interaction bccauc.;e ethane has neither a dipole nor a quadrupole. I lowevcr, 
l'lhi11W is a fairly polarizablc molecule- it \.an readily adjust its electron d istribution lo cre­
ak a fovor,,blc interaction with the ion. Theelhane will move some valence electrons toward 
the 1.:ation, leaving behind a region of depleted electron density (Figure 3.9 B). ln so doing, 
we cstablic.;h a dipole in ethane, where one did notcx1st before. This ion-induced-dipole in­
ll'raction is "'·cak-- -cl'rtainl> weaker than the interaction of an ion with a permanent dipole. 
But the intL•raction 1s not negligible, and the fact is that a cation would rather bind lo ethane 
than bind lo nothing at all. The interaction energy is described by Eq. 3.28. Not surprisingly, 
the pol.iri7ab1lit} of the neutral molecule, a, is involved (sec Chapter I). The distance depen­
dL•ncc is now r· \ w hid, means that the energy of 111teraction falls off more quicklv than the 
interactions we ha\'c c;ccn before. 

(Eq. 3.28) 

Dipole-l mi11cl'(i-Dipole I11temctio11s 

We nO\ .. cons1dl•n, hat happens when a polar molecule, one with a permanent dipole 
momentp, approaches a nonpolar but polarizable molecule, producing a dipole-induced­
dipole interaction. To understand this interaction, we start with an examination of the clec­
tril field gl•ncratL•d by a dipole. [tis the ~um of the field~ generated by each partial point 

co; 

co~ 
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charge on Lhc ends of the dipole. The field foll along the axis of the dipole .,l ,1 dhtance r from 

the center of the Jipole is given by Eq. 3.29. 

(Eq. 3.29) 

. 1 . . E If we combine The siN of lhc induced dipole in l 1e polanzabh.• molecule 1sp = a ncJJ• d p 
this expression with Eq 325, the dipolL'-dipolc potential energy t.>quation (whe~c we ;;0 
the 3cos20 - 1 term, because we are considering only aligned dipoles), we obtain Eq. ;1 e 
for the potential tmergy of a dipole-induced-dipole interaction (the subscript 1 refers to. 

1 

molecule wilh the pe~anenl dipole and subscripl 2 is for the polarizablc molecule). :~l' :~~ 
porlanl point is that thL• potential energy of a dipolL ... induced-dipole intcra_ction v,wcs \\ 

1 

inver~ distance to the sixth power, and hence 1s CXCL't'dingly sensitive to distance. 

= 

llld11ced-Dipole-lllfi11ce<I-Dipole Interact io11s 

- 2Jit2cx2 

(41ree,,)2rfo 
(Eq.3J0) 

We can take this om• step turther and lreate an induced-dipole-induced-dipole inll'~~ 
action. Consider bringing two molecules or ethane together (figurl' 3.9 C). If om• molc1..I~ 

· h I · • den• 0 P· instantaneously generates a dipole and t col ':rdcx's lh~ s,Hne, a _iwt allr~d101H•:11 l'r the 
The morc polanzablc lht: atoms or molecules in,·ol\'C~d m these mtl?racllnns, thl larg J Ji­
atlraction. Although these forces arc exccedingl}' small rcl.1live to hydrogen bcmd5 a~ the 
pole-dipole intL·ractions, they cannl1l be ignored In fact, if there is a large surface ,,rea_f<ir. 

11 
two molecules lo intera. cl, these forces can become considcr,1blc (sl'l' the hcJl o( ,·,,pon1 •'

1r'01., 
) h r ids 1

" ?f decanc, _Table 3.2 . f . ey cause comm~n alkanc" to cond~nse together into 1qu_ ;., till' 
induced-d1pok" mduced-d,polc concept,., one way lo dl•scribc what arc ;1lso known' 
van der Waals or London dispersion forces. . 

111 
An .,ltemali\'e way lo think of the induced-dipok•-induct!d-dipole interaction is •~s 1,., 

electron correlation effect. The motion., of v.1lcncc ck•ctrom, on the L wo intl•racl inf!, mo let u t~ 
arc correlated. That is, as electrons on one molec.ulc move to the "right", electrons on 

1
.
1 

other molecule also mo,·e to the "right". We simply note here th,11 because van dl'r \\'aal" in· 
. { 1 b. t· I thl'()rtt!~ lcract1oni-. are a consequence o c ectron corrl'lation theory, !->imp le molt•cul,ir or I a 

arc not able to quantilali,·elv model these weak interactions. . ,d 
Tl d · t· f ti · 1 f ·t ·nn1ht ' ,e en, a 10n o ,e potcnt1a energy or London di..,persion forces i" qui l' 1 ·e 

and usually such interactions arc not quanlitati\'clv modl'lcd b)' cqualums of the q,rl \\ _ 
h . h I . 6 1 "" Fwtcn ,we bl!cn presenting ere. Typ1cally, t 1e empirically derived l l•nnard-Joncs ' ' - - . 1 e 
lial discussed in Chapter 2 or a related function is used. To., first .,pproxi1nation, a5 w•th l ~ 
dipole-induced-dipole, the energ) of intt•r,1ction can be considered lo drop off with '111 r 
dependence. 

S11111111ari:i11g Monopole, Dipole, and l111l11ced-Dipoh• Biudi11g force, 
· ent 

. The i~d~ced-dipole binding _forces _discus:,cd here can be compared to the per~1•
111.; i~ 

di polar binding forces d1c;cusscd m Section 3.2.2. One of the most importanl compan:-011· , 

how the energies of interaction vary as a function of distJnce. T,,blc 3.10 tallies the d,-.t,,net 
dL•pendcnce as a function of the ty ~ of interaction 

Table3.10 
Comparis~n of the D~l>tanc~ O~pcndence of the [nergy 
of lnteract,on for Various Binding Interactions 

Monopole Dipole Induced-dipole 

Monopol\! 
Dipole 
lnduced-dipoll' 

1/ r 1, r 
I / ,3 

I / I ; 

1 / r" 
I / r6 
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3.2.6 The Hydrophobic Effect 

h 
. Up to this point .,II thl' binding (orct's we havediscussl'd have electrostatic allractions ... t \?I • • . us 

1 
r ~>n~•_r1, or ~t kw,t ,,s a major component. The la..,t binding force we consider-the hydro-

p iob,c cttt•ct-1s ,1 deviation from this theme. The hydrophobic effect drives the association 
of org.~nics together in water. As \\'l' noted abln·e, simple organics such as alkanes have little 
•~llrach<in for e,tch other (<mly dispt•rsion forces) ThNc is no permanent electrostatic at1rac­
!10n bch,·t•cn nlknncs. Thl• pn.•dsc phy-.ical origin of the hydrophobic effect has been 
inten..,ely investigated ,,nd is .still dl'bated We will not settle that debate here. Instead, we 
prt'sl•nt some phl•nomcnology and a model that provides a uo;cful way to think about the 
effoct. 

Ea_rlier we noted thl• m,rny t•>.ceptional properties of water ,1s a solvent. As much ,,s what 
d<>es dissolve in w,,tt•r, \\'hat doesn't dis-.oh·e h.1s ,1 profound effect on molecular recognition 
plwnonwn,1. \'\'l• ,lll know th.it "oil ,md w,1ter do not mi'\". This is the simplest statement 
01 tlw hydrophobic effect -the obsl'rv.ition that hydrocarbons and related "organic" com­
pounds .ire insolublL• in\\ .Her. The hydrophobic effect is the -.inglc most important compo­
lll'nt in biologic-al molcnil.1r n:cognition. It is tht• strongeo;I contributor to protein folding, 
"1l'mhr,1nc form,1tion, and in most cases, small molecule binding by receptors in water. As 
such, it is l'sst•nt ial for organic chemists to h,,w some -.ense of this crucial phenomenon . 

.-\~gregnt fo11 of Org1111ics 

Fron, tlw outsl•t we should dbtinguish two diffcn•nt manifestations of the hydrophobic 
l'ffcl'!· Onl' i:-, thl· low !'>Olubilit) of hydrocarbons in water, which is studied by considering 
.i_c;o tu~ the tr.insfor of an organic mofl>cule from the ga.., phase or hydrocarbon solution to 
\\ tlter. fhl' other m,mifestation is the tcnd1..•1Ky of organrc-. to associate or aggregate in wa-
ler t, · · · i/ b. d. · Wh" , ) prc,11lr pwbt'd h\' nw,1suring .1C0 of a,sociat,on am or tn rng constants. tie the 
~lhy~ic,11 origins of the· two must t;ltim,1tc!v be related, often we sCl' conflicting conclusions 
from tlw two diffcrl•nt t\'p1..•, of ~tudieo;. To.some extent this io; due to the differing rdcrence 
'>t.ite~ a d t · • d n )'Pt's nt mt',1surcnwnts ma c. . 

Much of tlw 1..~ssl'nlial phy!->ic,,I chl•mistry of lhl' hydrophobrc eff~ct has emphasized the 
t_rc1nsft•r of small orgc1nics from the gas ph,isc to water. As \~c ~a\·e s,11d, hvdrocarbons have 
\l•ry low -.olubilitil'~ in water. While this j.., the charactt'rtslte feature of the hydrophobic 
l'lfclt, otlwr tlwrmodvnamic pffoch ,,re !-,l·en, including unu-.ual entropy effects and often 
1•1riw ht',ll c,1p,1citv df~•c:b. To,, \'l'I"\' good .ippro,imation, .iC'_ of tran'ifcrscales with surface 
<lrca ot thl• hydrocarbon th,ll is l'.,po..,l'd tll w,1ter on diso;olullon. The ex~ct sc~ling factor is 
d~batcd ,lnd ,lppt•,,r!'> to dl'pt'nd on conh?\I. \'alucs ,,._ low ,1s 15 cal/ rnol m .iG for every A2 
01 exposed aliph,ltic or .,rom.itil' hydrocarbp!1 a.nd ,1s high as 75 cal/ mol •.~ arc reported, 
but a mort• typic,ll r,lllgl' b JO-,SO cal/ mol •N. If we settle o~ -40 caJ/ mol • A, c1nd as-.ume a 
surfoct•Jr••\ l,.,9 \· 2 r CH. n ll'' lnl' thcnevcrvadd1t10nalCH2adds12kcal/molof 
d 

• .. , c _ 1: or ,1 z 111 ,, , "' , • 
l'stab·1· ,' 1 rzation in a hnirophobicl'ffl•ct. . . . 

_ I he hydrophobi::it\' ot organic groups can abo be me,1sured by the p~rllllonm~ of or­
ganic mofu, 1 L 

1 
• 1 r c<)l""nt t)·picallr 11-octanol, and\\ atcr. We defrne the h ... lu cs l'l' ween,, nonpo ,1 .., ... , . . , . . . , . . . 

Ydrophob· •t f . a,,,·c 1,roup Ra" rn Eq.1.31, \\ here P. is the parllt1onmg 1c1 y constant ,r or ,111 018• n · h · · · 
0 1 an org 10-

1 
·
1 

,. ·t I ln•i ,,. itl•r without R, and P 1s l c part1tion111g of the • 1c mo t•cu l' L1l'tween cK ano • .. • • . . , 
organic stn t , , I J> I •d 5 1111 0 ,-,,anic R sub..,tttutenls ar1c found to make constant 

1c urc \\ 111 , .1ttac 1c . -n • "' 1 I (..,. bl 3 11) Th" · f ,lnd addi't• . .1_ . 1 1 . J phobidtr of a mo ecu e 1a e . . 1s rem orccs 
l\l'Contnoulwnstotw nuro • f I • 

0 urvil'wtl t I I :I 
I 

b". · .. ,·n,pl)•fromthc~urfact>areao t1cgroup,and1snot 
d 1,l I 1l' l\'l ron 1() 1c1tv ,lrl~l·~" 

rln, t • - r • 
• •1 rc,1lly affcctl•d by tlw environment. 

(Eq. 3.31) 

Cl. • ·otrld cxnect that oner tht>y are in water, hydro-
\·en th, ::l(l cc(l I/ I \ 2 ,·c'llue one\\ r . • carb l. -.;1 c.i mo • 1 ' ' ( · , Tlll'y cc1n do this in two ways: -.hapc <>ns sh) Id • • . I · , 0 ,d .;ur acc.: area. ch cu mm1m1Zl' t 1e1r ~.'\p sl I fi t ·ono;ider ,,-butane in water. Not sur-angc f . I , of t 1L' r-. , t · 

prisi , s ant ,1ggrl'g,11ton. As an l''\,,mp l: lure than anti butane. We would expect a 
ngly, gauclw but.ml' b a mcm' comp,1ct ... tnic 
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Gauche butane reduces 
exposed surface area 

Table3.11 
Some Values of ,rand the Incremental Gibbs Free 
Energy of Transfer from 11-0ctanol lo Wat~r:_ _ _ 

R group ,r ~G' (kcal/mo!) 

-C.H, 05 U.b8 

-CH 2C l I) 1.0 1.36 
U-l,Cll-CH, 1.5 2.05 
Cl !(Cl l .h 1_1 1.77 
lH0 Ph 2.63 3.59 

'l.<'('I, ,\, llnn!'dl.('..et al. "ParhtionC,,clfidcnts11nJ1h.·1rUlll"'•" 
Cht'lll. Rro, 71,525-1>16(1<1'17) 

·1·1 eef· ·1·b · 1· b · d · ·1 d thi i-. -.ccn. ' shift in the conformational CllUI t num or 11- utanc tn water, an tnuee s . I , .,1., 
I h I 70 ., . h ' l'b . . I r•,L'enint,~s fcctissm.ill,butenoug,toc angclw :~Oantt:gauc l'cqu11 numm" u 1.: 

11 
,ncxi· 

Phase or in liquid butane to 55:45 in water. We expect this lo be a gl•neral effect for a ' Lial 
d f I I I h .,. mon• -.ub:-t,,n blc organic molecule in w atcr, an or arger mu l'CU l':-1 al can e,penenn: · . . I ge 

Id l , 1u1IL' ar · changes 111 surface area ;is t1 result of conformational ch,mgl',, the effect cou it l 
In fact, ju..,t such an effoct is the primarv dri\ ing force for protein folding. . . ,, o~d 

Figure 3.10 .. hows how the hydrophobic effect can also drive agg~eg;il1on: •1 he ~~[c,,uSt' 
hvdrocarbonsurfacc .irca will alwa}'!-> be d1mtn1.,hed when two org,1mcs nggrl0•1te. 

00
_ 

· t T}w-.p .lC, is always f,1,·orable for such aggreg,1lion, the procc-.s is !-iponl,meous m w,, t•r. , ,toi 
lancous aggregation of organic groups in water was likl'I\' a 1-cv ewnt in the de\'dopm~i _ ,tf-

. I h . • . . . f t )11l'Oll" "I.: pnmttl\'l' form!-> of hfo and or l ctr precursors (sL'e further d1scuss1cms o spon ' 
assL•mbly in lhc next chapter). . . ,re typi· 

Because most pure hydrocarbons barely d1-.solvc in water, .iggreg,1t1on has me I ,dro· 
cally been probed by studying amphiphilic moleculcs-slrudurL'S th,11 haw bnth '1_" fwn 
phobic region and a polar (hydrophilic) region ~F1gt~rl' 3.10). Sud, m~l\.•c~lc-. •1~l' •

11:l:,:aric 
referred to as surfactants. C.ons,dcr a long ch,Hn ,1ltphatic carbowltc acid sulh •1· ·

1 
t,ic. 

acid. The polar carbox)·latcend 1s quite hvdrophilic and lhL• lung alkyl ch;iin i-. hydn,p ':~ion 
The Lail i.., lipophilic, a synonym for hydrophobic. 'I hL• result is tlw spontam.'lll1"' for111•1 thl' 
of a micelle, a roughly "pherical slructun: with the hydroc.irbon t,1il, fadng inward ,1nt tion 
polar carboxylate-; on the surfac<.'. The-.e structures form tinly above a certain conn'n~raf tht' 
of the surfactant, known as the critical micelle concentration. Thb is ,1 SllOd cx,impk ~ n:d 

· · b f · 1· II)' orue ..,ponlancous sclt-asscm ly o a ..,,mplc molecule into a more complex, par i.1 . I· rgc 
larger slructur<..'-a supermolecule. IL would be VC'r)' difficult to "rationally" _build '1 :nic 
sy ... tem with a hydrophobic core and a polar surface u-.ing the st,rndard slratL•g1c:- 01 ll~tself 
synthesis. llowev~r, wh_cn the building block is _designed propL'rl)~, th1.: sy,~en~ ~~t: i'o tr~~ 
together. As we will seem the next chapter, ~hts kmd of pmce---. 1,,,.., 1~sp1rl.'d d~l:m1: t. blV, ol 
to learn the rules of self-assembly. The goal 1s the design ,,nd synthesh, by scll-,W•l m · 
beautiful, complex ... y-.tems. . II\'-

. - . htcr.1 , 
The sphencal picture of a m1Celle shown in foigurc 3.10 should not be taken to~ JkS· 

A n~ic_ellc is dynamic at many levels, as -.hown by a large ~umber of ph~•sical l~rgani~ ~~c,,IL', 
lnd1v1dual surfactants can depart from and return lo micclh.'s on., m1crost:lond tin _ •ilt'• 
while stepwise die.solution of micelles and rca'>sembl\' occurs on the milfo,ccond tin,c~<.:•_. 
A lo~g standing deb~te is the e~Lcnt Lo which _waler pcnl'lrater.; into tlw hydropho~i~:J7h.-il 
that ts, how perfect ,., the barrier between 011 and wat1.•r? It i, now gcncr,111)' .:igr1. pie, 
water penetrates fairly deeply, perhaps halfway down the hydrorarbon ch,1in. for 1.''''01 

an olefin halfway down the hydrocarbon chain can wad with pol,u rl',lgl'nts. . . ,., t,f 
In nature, the more common amphiphi}e.., arc phospholipids. These .ire dcri\'att_\\;1r· 

glycerol (1,2,3-trihydroxypropane), in which two ,1lcohols form esters with long ch,llfl 1,..:-:­

boxylic acids. The third alcohol forms a phosphall' C!-tler, and the pho..,ph,1tc th1..·n 01'1
1
. ,e, 

th . h · I h 'd I cho 11 
<1no er e:tcr w1t_ a stmp er alco ol. This cre-1tes structures such a, phosphalt · Y (,1o 
phosphatidvl serine, and pho!->phalidyl ethannlaminc (-.L'C next page). The polar grcltlP 
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Figure 3.IO 
fa,1mpk>;, of spontaneous ,1ggregation driven b,, th, h ·d . 
A. ··D,merizalion" of a hrdroca_ rbon'" water ,,·. c b) mphob,ce_ ffect_ • 

• · • ,invcn Y the red t 
,urlacc ,m.•a. B. "1JCelfl• 1ormat1on \\Jth sll.'ric acid Th · uc ion Jn 

roughly spherical in ,hape. C. Bil aver formation f e actual m1cclfe ii. 
pho..pholipid. D. \bide formation rom aggrt'gahon of a 

be • h ~tt er" · · ( h · · · (h · b th · as in h .. n,onrc p osphatidrl serine) or zw1ttenomc avmg o a cation and an anion) 
rj osphatidyl choline or ethanolamine. 

lipid ccausl' of their different sh,1pe in terms of the polar vs. hydrophobic groups, pho$pho­
Ulti~.., do 1;01 f~rm micelh.~. ln!-.tcad. the} can c;~ontaneously as~ble to for~ bilayers and 
Pu hatel}, vesicles (Figure 3.10 c and D ). Vec;1des arc not nearly as dynan __ 11c as micelles. 

rt er. th · · ·d d 'd . h · I ine Iha • . ere 1s ~ clear demarcation behveen 111s1 . e an_ ~uts1 e wit _ves,c es. ~e ~a~ imag-
ClJ . I such vesicles could form verv small reaction , essels and, ulamatel)~ primitive prc-

rsors of life. · 
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Cl!ArTllR 3: S , ·' · ' ' ' 
. h . .· nificanl dfect on 

The size of the head _group relati\'C to the tail of a surfactant as as•~. 
1 

l .1 amphi· 
d :I ther ,mg e· '11 

whether micelles or \'es1cles are formed. Soaps, etcrg~nb, anc ~ · ~ti\'e to the ,vidth 
philes ha\'e polar head group-. that arc wi~c (when inclu~ingsolv~t,on) ~~ a ,cd stn1cturc_s 
of the nonpolar tails. The besl way to ,ich1cvc clo,e-packing of such cone · h f and tail 

I
s an obicct with a high radius of curvature, a miccllc. Conversely, th~• ~eildlgrli>~t~g lll a C\'• 
. . bl h . . ,.,. I hp1d-. Cill II• , 
widths arc more nearly equivalent In dou e C am spcCll'" '"e ml~S : dius of curva· 
lindrical shape. Clot-.e-packing of cyclindcrs lead, to aggregates with •1 km rd , ·ork th,11 

·1 · · I · ·d )nc •ptu 11 frc1ml:" · ture, like bilayer sLructures. 1 11s geometric ana ys1s prov, cs a Cl _ l: • h • h ·drophob1C 
can be easily extended to other shapes for de<.igning ilg~rcgalcs dnnm by l c ~ 
effecl. 

Tire Origi11 of tl1e Hytlropliobic Effect . . h·ed, 
. . . I . I . .H.:> ,n, ll 

What is the physical ongm of the hydrophobic cffoct? Severa l,tc ?rs . ·atcr. Thl' 
first is the high cohesive energy or, equi,·alently, the high -.urian: tension oft ". ,,,ting a 

. . h h . . ·r· l •n ilt)' or c.:fl: water-water interaction 1s very strong. As sue . l 1.•rc 1s a s1gni ,can Pl: ' sc Sllrne 
h I b I 1tc bcc,iu. cavity in water. This must occur in ordl'r lo dissoln• a Yl wc.u on so l . • . ., 1 :\). 5l>i:· 

f I · • Section•'· ... water-water interaction., arc broken (recall our discussion o so vallon 111 • 111p,1\,1r, 
ond waler and hvdrocarbons fail the "like-dissol\'es-likt•" tl.•,t. l lydrnc.irbon.; arc•; sn1'•rnl 
wat~r is very polar, and lhcreforl' very littlt• binding occurs between the solute an ; pol,1r· 
to make up for the lost interactions between th1.• solwnl. Moreover, hyd rocarbonsi '

1 
~-rtion5 

J h\'l rotu 
izable and walt•r is nol. So, waler would much r,1therinh.'ract with w,1ter, an . , .• i b\' thl' 
would rather interact with hydroc.1rbons (the l,1th.'r effect i<. !--01,1ll1.•r, ,1s cvidl•nt~\thalpY 
lower cohesive energk•,/ surfac1.• tensions of or~anic liquids). All thc..,c factors •~Tl: ~ onccrn· 

· · d. d d h f · b · 1· •n·at10n c cons1dcrallons, an in 1.>e l c~ actors arc 1mporlanl, ut a recurring OtlS\: 
ing the thermodynamics of the hydrophobic effect suggest._ entropy b ,1 fm:tor, too. n,ydro· 

A.,, we have already noted, hydrocarbonsaggn•gatc in waler. H two molccukst
~ )!1, 51.1r· 

ca~b_on arc placed _i~ waler, j.G~ b favorable ( < O) for the (no~•co_,·,1\cnt) .,ggrc~~::ps L,,•cll 
pnsmgly, though, 1t 1s often obSt'rved that j.H' for the aggregalwn 1:-- sm,111 ;int~~ h t 111/dr&' 
unfavorabl: ( · 0). Ncces'.'>arily, j.S0 i~ fovorabll' (> _Q), leading ~o tl~c_Cl111cl.l'."'~1:\~d•:,pt."ti1 
pll<lb1c a:,;sonat,0111s offL"n c11tropy drn•c11. l his 1c;, CL'rlainly countermtu1ll\'L', WL "L l . . 1r,1tilc, 

· h' h I · · II\' unt,,, l procc<.s m w 1c two or more mo 1.•culc-.an.>bmught togctlwr to bct•ntrop1Lil • 1 ·.; l1ftcl1 
To rationalize these lhcrmodvnamic obscn·ation"-, thL• model shown in Figurt' 3· 1 '· 
in\'okcd. . f thL' L1r• 

I d. · h f ""a11on° . n our 1scu.,s1on, we compare t e wala struc/11rt bdow and a lcr nggn:g , ~till, Jiq· 
ganic structures. First, as just stated abo\'c, water has ,1 wry high cohcsi\'C cn~•r?) · ~t 1ctul'C 

"d . · d . 1 • • • f t r1i>td "' n u1 waler 1s ynam1c anc1 ,., not max1mallv hvdrogen bonded. Tht• per cc , o ll1,,•cr 
· I d b d · . ' I · 1 . · ' h,, ... ,l • with four 1y rogcn on s p<.'r waler moll-cull' is only sL'cn in solid ice. W 11 c ice uc 10 tht 

cnthalpv than ·water due lo more hvdrogcn bonds il is l'ntropic,11\\• di~t,1\·on•d d ·th, h~· . . . , , • . t ,,., .. , 
mcrease m order. ln the model of Figure 3.11, it is proposcd that walL'r in cont,,c ,ic 111t1I· 
drophobic surface bt•comcs morl' "ice-like". As sl,tle<l water in contact with ·"" oq,,lf 1·111i11S 

f ' • rem• cculc lose.,, avmablc water-water rnntacts. To compensate, il strcnglhL•ns its e., !11l)re 

waler-water contacts, making them more kl'•likc. The ilJcal water structure bee~,~~; ~Jute 
~g1d, and th~ strengths and number of in<lividunl wall!r hydrogen bond'- anntnl ~n~,,te fl'r 
increa!'.Cs. Thts mcrea-.e 111 the number and strength of hvdrogcn bonds c,in Ctll11f •1, and 
h I h d b d d h • · ~ enll )• J 

l e 0st Y rogl'n on " uc lo l e pres1.•ncc of the cavitv crl•aled by the nrg,,nil . ,cl'l'•'si,'1.1 
~ay even be enthalpically favorable. Howevl'r, and mo~t importantly, Jul! Ill lhl' ::-.t.'d, 1he 
ice-like nature of the wc1lcrs around the organic, the entropv has,ignificantly deer'-' •ith thf 
near equal enthalpy of the waler before ,lnd after dis-.olutlon of the org,111ic, along'' 1hi!­
clearly woN? entropy, taken togl'thcr lead to thl• low olubilitv of the org,1nil· !>trucl~re;,1 M· 
is an example of enthalpy-entropy compensation, where d~cre,,~•d enthalpy ka ., 
creased entropy al<.o. . " tn e5· 

Now let's analyze the same situation with two orgc1nic slnicture~ that dinll'ni\i,'l'~;;;• 
sence, due to the lower exposed organic ~urface ,lrCd upnn dim1.•rizdtion, all th.:> nl!~~,ic 11,ol· 
pect~ d 1scussed' in the previous paragraph are di minishl•d. WhL'n thl' two hyd_ro~11\1,inS 1}1{' 
ecules assoc1ak, the hydrocarbon surface arl'a cxpo~e<l to WJll•r dL•Cl'l!il~l'", t11rn1nt. 
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f igureJ. l] 

~ -~odcl for l~l' hydri1pholJ1l' rlfoct. \\'atrr near the ~urfo~,•t>! a 

f
) l'OC".trbon 1s omen.~. Rc'\fodng :,urface area b1· d1mt>m:aoon 
I\.~ • • 

for h ~me 0 1 l~t>urJl•n-d ".it,'r, pruJudng a la\'C>r,1lile l'Olmpy 
) drophob1c aggregation, 

I 

H 

amount of ice-like \\'all'r. Thl• rl'll•,1~· of icl•-likc water from .1round the organic structun:s 
:::,

1on dim~•rization ll',lds lo more " nom1al waler" with the a._sociatl.'d rl.'gular hydrogl'~ 
nds, whteh can re.suit in either an unfo\'or,1blecnthc1lpy change or ,l close-to-zero enthalpy 

C'hang I · · . · h · . c. mportanth~ h<m'l'n'r, thl'l"l' 1s ,m accomp,myrng mcrea'-'-· m t l' dr,ordl'r of the 
~"c11l'r. Tlw a,sociation Jibl•r,1tl'.-. ,1 number of water molt·cuk-s from the more constrained 
ICl•·likL• stale, and so ,w,odation is t'llfropic,11/11 fa,w11bft>. The net effect 1s that the T .lS' term 
ou_tweighs the :lH° tl•rm, producing a favor;bk• ~C'. Hydrophobic a-,~iation i-, entropy 
driven . 

. 'fht• di-,et,.,.,ion ,tbo\'e dt•monstrate-. that thl're are some hallmarks of hydrophobically 
~riven a:...soci,1tion of organic ,tructure-.. One is .1 fa\'orablc entropy Howen•r, another ic; a 
change in heat rnpacitv during the binding, and in foct, this is often a more reliable indicator 
''.f thl• ~ydrophobicl'ft~ct than L'ntmpy. In thl• ne.,t chapter we discuss the mathematical rcla­
~•onsh1p u~d to mca-.ure a change in heat capacity (:lCp). For no1\, recall that the heat capac­
ity of a solution mca,;ures the amount of l'ncrgy tht.> solution ab-.orbs per unit change in 
tcmper.itun•. Because thl'Tl.' b ,1 .;ignificant change in heat c.,pacitv as!-.0ciated with the hv­
dmphobic l'ffoct, the cntropv dominated signature ,w discu-,~d abO\ c for the hydrophobic 
effo<:t is most commonlr oli~•rn.•d nc.ir ,1mbient temperature, but not nece,c.arily at higher 
te':"J?l'rtlture_.., At high~r tcmpcr,1tun.•s enth.ilpy dfl.'~l'> comrn~mly start to dominate the 
~nving force for thl' hydrophobic dti.•ct. The e,tc~t ol ch,~nge ot the_ h1..:at c,1pacrty depend-. 

P0 n the -.urfocc area in\"oh-cd in the hydrophob1cally dn\"cn a,sociallon. If the fraction of 
hvd I · :1· • • h d · t· - . ~op lobic .surface are,1 c,po<;cd to wall•r ,s, 1m1ni~ c upon assoa.1 ion of one or more 
enhties, a nL•gath c change in hc,1t cap,1city will occur. 

···o O- H 
I - H .· 

H 
H 0- H 
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Going Deeper 

Table3.12 
~s• and .lC,, of Association o( Biological Receptors 
and Their Substrates in Water at 298 K• 

System ~S (cal/K • mol) ;lC,, {ca l/K • mot) 
- --------- ----- -

Aldolao;c and hexitol-1,6-diphosphate 

I !earl LOI t and NAO' 
tRl\ A hg,1-,c and isoleucine 

Av1dm and biotin 
l lemoglobin ,,nu h,,ptoglobin 

34 
3.5 

19.7 

1.3 
-73 

- 401 
- 8-1 

- ·110 
- 24 

-9-10 

'lllnlutjl W, .1nJ t ngl,..rts, ). B. I . N. " 11\'Jru phul>i, U1~,ts.Opinaon, ,tnd l',u t~." Jlrrttu1 Chn11 l•rt I;/ 
l.ngL. 32. 154 r;. f.57'1 (1993) 

Table 1.12 shows sonw entropy and heat capacity ch,tngl's for the binding oi ,('n:ral bit: 
logical structures wilh small organic molecules. Although other bindtng forces besid~s ~ .:~ 
hydrophobic effect must be imolvcd in each of these ca,cs, Lhl' hvdrophobic dfl•Ct 1" ll. 

. I I f . f h d . . f N h I h · , I · ·t\' is aJwa, s tam y a argc ract1on o t e n, mg on:c , otl' t at L w c ange in wat c,,pa1.:1 ; • • 

negative, whereas the entropy 1s not always fav11rable. , h ,_ 
The"_ classical" motfol c;;hown in Figure 3. 11 b just one of sc,·cr,11 vi,,b!L• view, of thch) uc ,,s 

drophob1c effect However, it 1s -.1mple, and dl·picts m,1ny of the unusual feature-.," (\•r· 
unfavorable .l/ / and favorable ~S values, and tlw ovcr,111 depemfoncc on surface ,,rea. 

0 
h • . . · betwt-C haps l e b1ggL'Sl weal-.nc'is of the model 1s th,,t 11 1gnofl'., an) possible ,1ttract1on :kr 

the organic. fragmcnb--,rn cnthalpic c.ontribution that should be primarily due to ,•~n ~ •r· 
Waal~/ dispcrsmn forces. fhis ..,hould be a small but not entirclv negligible effect. It ,s 1.:~ .. 
tainly not <;tfong enough, nor d1rec.tion,,I mough, to justify such. terms,,.., the "lwJ~)ph~i 

1t 
bond", \\ hich should not be used. The classical modl'I is essentially a solvophobic ef ~~e-­
llydrocarbon-, associate in water not because the,, are attracted Lo each (1lher, but rathcr 

' l ,· n 
cause the\ are rep_ulsed by the solvent- it issimplv I0\'1.Winenl'W\ for the,'l,·ater togt: ~~ '1· 

. • - 0. I b. clll.'C ., 
from them. As with the other binding force!-. we.• ha\'c discussed herein, ~olvop lll ic at· 
lead to structural ordering, and the ne,t two highlights gi\'c examples in n.-itur.1I •111d unn, 
ural sy,tcms. 

The Hydrophobic Effect and Prote in Folding of converlm<• a di,urdl'rl·d ch,1in l>f amino ,1cids into J 
n I rotl!ll, 

An essential featuN of proteins is th<1t they spontancou.,lr 
fold into well-defined. thl'e(.. ... Jimension.:il structures. Th1: 
single most important contributor lo protein folding j,; 
the hydrophobicdfocl. It i'- imperatiw that ,1mino acids 
o;uch as leucine and valine, which ha\'c hydrophobic side 
ch,1ins, bu'} those <;ide chains in the core of lhl· protein, 
away from the aqucow, environment of the cell This 
hydrophobic col la pse i<. a kev early ewnt in the procc,, I 

wdl-ddined, propl!rl\' folded protein. As ,1 re,u I. P 1 
tolding t\ p1c.~llv ,ho,~ ... tht• thermodvn,,mic hall01•1r.k, 

0 

thl• hvdmphnlic dfrl t indudinr.! a f~\·,,rable l'ntrop)' h 
• • CJ I t l' 

(t'\'en though the ft1lded pmtl'in is mon.• ordered 1 ,,,n 
unfoldl-d) and large 1wg,1li\l' lw,lt cap.icily ch,ingc--, -- ~ 

n,11, KA. " L>om,nant ""'""' in l'n,1,•,n l ·ulJing " R1iX'/u't111,l,Y, zq, 
11 

(1990) 

3.3 Computational Modeling of Solvation 

· ·tUl'l'" [n Chapter 2 \\e de::.cnbcd thl• molecular mechanics approach to computing the stfllL · ·JI 
d • 1· . I J l11l 

an energies o _orgamc molecules in the gas phase. ·1 here are also l(uantum nwc 1 14. 
methods for achieving Lhe_ same goals, and thcS\.' are di,cusscd in !>Ome detail in Chap~~.rri.>•1t 
But, of cour!:>l', mo::.t chemistry occurs in solution, and thl•orisb, therefore, ha\'l' mJdc !; 
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Connections 

More Foldamers: Folding Driven / 
by Solvophobic Effects 

Anotht·r fold,10wr ,tr,1tt•ro· mn1ln-s oligo(phl.'n)'hme I 
ethynyk•nl') .-.tructun•, that fold into ht>lical confom,a-
tions, creating tubular ca\'ilie,. Tlw folding is driVl.'n pn• / 
marily by ,nl\'ophobic t>ffocts-thl' nonpo"1r .1rom,1tic 
portions want to gd a\,:ay from tht.> polar sol\'l'nl, while / 
lhl' pol.1r l'thylenl' oxide ,idl.' l'.h.iins an- t•,po~•d. Favor­
abfl• ,1rom,1tic-aromatic intt•r,Ktion,; mar also be involved. / 
'J hl'"t.' helic,11 strurtun·., fl'sl•mbk a rom~on protl'in 
motif-the n//3-b.urel-and are ,1lso pmmi,ing <;caffolds / 
for futun.• study. -~-

Nt,Json, J (:., s~v,•n, J.t.. M,>ol\·, J,!>. 110<1 \\',1lynes_ I' G. ·Soh·ophpt,,. 
<lllly l>m <'n I 11IJin1; ,,1 N'unl>1pfogic,1l Ohg1J111er,; ff S.rtn«, 277, 17!13-17911 
(1997} 
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'-'.fforts to model solvation phenomena. This is distinct from the empirical scales such as 
1-1(30) discu ... scd l•arlil•r. We c1rc now con-.idering efforts to provide a detailed theoretical de­
scription of solnmt... and sol\'ent-solute interactions. This is a vast and <?valving field, and a 
dct.1ik•d treatment is bcvond the scope of thi., text. Nevertheless, the future of physical or­
g,,~ic chemistry will inv.olve mon.> and more modeling of sol~cnts and solvent-solute inter­
actions (soh·,ition), and so \·Ve present an on?r\'iew of the various strategies here. 

The modeling of a solvent-a liquid ph,,_se-b espccial_ly challenging._ In the gas phase, 
the molt•culcs c,111 bl' treated as isolated !-pec1es that are easily modeled usmg quantum me­
c~a~ks (C.haptl•r 14) or molecul.u ml'chanics (C!1apter 2)_. Modeling~ soHd is certainly chal­
kngmg, but ,JI ll'ast in thl• crystalline state there 1_s period,~ or~l'r, w~1ch in principle, simpli­
fil•s thl' probll'm, Still, accuratl' computl'r modeling of solJdc; 1s a maior challenge. 
. ln some ways, though, ,1 liquid is the most challenging medium. It is a condensed phase, 

li~e a ~olid, and so is inherently a many_-b~dy problem . . However, there is no long range 
pcnod1c order (rl•call Figure 3.1). Also, liquids are by their ,·ery nature dynamic, and any 

195 



}96 CHAfHR 3 SO!.UTIQ:-.;S ASI> NC>'-·CO\AUNT Bl DINt.; IORCES 

model th,11 does not take this into account will likl'ly be inadcqu.111.•. The chalknge, .u~• ckar. 
and then• .ire two fundamcntall\' dillcrcnt ,tratcgic, to modeling solutions. In conttnuum 
(or implicit) models, the -,oh·l•n't is lrc,Hed ,,s ,1 homogeneous nwdium th.:,t surround, the 
-,olutc molecule. Computationally, this b impll•mcnll'd ,,., a foirly simple set of adju,tmc.nb 
to the b,,,ic mokcul,u ml'Chanic, (or l\Uantum mcch,mics) modl'l. ln explicit solvation 
models, a large number of indi\'idual ,oln·nt molecule-. .uc added to a ,111glL• ,olut«.• nwk· 
cule, and the enti!'t.' sysll'm is treated by moll•cular nwd,anic-,. r lll'-.e methods han• th~ 
,,dvantage of being clo..,cr tu phy,ic,11 reality, ,,nd being more ea,ily interpreted. 1 _to"~ 
e, er, the~• benefit, arc achic\'l'd at the priCl' of an l'normous incn.•asc in computationa 
comple:-.ity. 

3.3.1 Continuum Solvation Models 

Tht• ,11nple,t rnnlinuum modt•I indudl'" tlw dielectric const,rnt of tht• nwdium in l'\',,lu· 
,,ting cll·Ctro,t.1tic term., in molecular mech,1nit Cillculation,. Recall thilt I:q. 3.1 (fo~ -.i_mp.k 
electro..,t,1tic intt·r.ictions) indudcd ,l dil'lectric tl'rm (E-). Sm·h a scaling ot L'll•ctro,t,lll: ~nkt 
actions by the ..,ol\'ent didcdric con-.tanl is in principlL· u,elul .md i., thl'orl'lic,1lly ju,t•11:1b \ 
Note that for mok-cules di,-,ol\'cd in ,1 -.olwnt, the chargl's (q1) ,1rl' p,ulial charges .i,,l~,.,~tel~• 
with c.ich .itom of thl' molernle th.it mu,t be obtained lw -,oml' othl'r mL•tht1d. In pnnc P 
this is,, viable strategy, but in prac:tkt• it ha-, lillll• impact ;m calcul,,tions. 

Morl' ad\'anced continuum models arc b,bed on p.uamcteri1.L•d, .1tom-,~~dlk (l•n~: 
thilt .,calc with thc c·xpo~d ~urfocc area. In ,, nmlccul,1r ml•ch,rnil, baSt.~d .,ppnMCh, t t: 

amount of atomic ,urfac(• (tlw ,phL·rl' defined by ,111 atom•~ ,·Jn dt•r Wa.:ils r,,dius) th:1t i, (~ 
posed to ..,o]\'ent i., dl'termi1wd for L•,teh pilrticul.tr atom in ,l molcculL•. fhen, ,lll cqti.lllllll t ,a 
include, p,uamt.•tcr, rl'latl•d lo lhc type llf atom ,rnd to the p<.>cilic sol\'ent cakulates •' sol~ '

1
~ 

lilm teml. 1 he~ terms arc summed o, l'r all ,1toms in the molclllil•. ~uch appnl<ll'hl·~ bk~l 
into tlw molecular nwch.inic-, ml'lhod t1uitt• 11.1turally, without ,m l>,·crly burdensome in· 
cn!a..,c in comput,1tion time. 1 

An espt•cially intcrt.>sting modd, termed thl' generaliLed Born model, ha, bL'<'1~ dl''.\ 
oped primarily for water.-.., a solvL•nt. Wei, ill dt•scribl• it briefly here, lwc,,u,l' ii imd) i' , 
lustrate-. in a qu,mtitative w,,y .,omc of the topic-. we ha\'e discu-..-.L·d in thi, ch,1ptl•r. r 

1
~ 

approach is a p.u,1meteri1ed method that pruduc(', Goo1 .. , thl• ,oh·ation ln.-cC'm'rgy lt1r a mo 
t•culc or ion. First, G..," j.., di\'ided into three ll•rms (Eq . .3.32). 

(Fq. 3.31) 

The Guv ll'rm rcprcSt.>nt... lhl' l'nl'r~w co,t for lorming ,1 l,Wity in the '-l>ln•nl. A-. \\'l' ,wt~~ 
,1bow, this i-. a ,ub,tanti,,I l'ffoct for w,,tcr "" soh-cnt bl'l'ausc uf its high cohc,in• encrg'· 
It will be less importilnt but ,till ,igniCk,1111 lor olhl'r ,ohcnts. J he Gv.iw h:'rm i.., •1 "lilut: 
solvent ,·,111 der Wa,1ls term, accounting for tlw weak di,pcrsion forll'!-> di,,us,L•d ,,bti\'l'• ! . 
nally, Gr,.-,i i, the ,ulutl'--.oln·nt eledm,tatk 1,olari:1,.llion term which aet'.mmt, i,1r thc 

111 
• ' Jute, tcractmns of ch.ugc!-. on thl· ,ulull.• \\ 1th the ,ol\'l'nt. It i ... ,1,-,umL•d tl1c1t for ,111 alk,1lll' so . , 

G.,.,_1 = 0, ~nd because lht.> solvation l'1wrgics of ,1lkancs scale with cxpo"L'd ,urfon• .n~•,l, ,,t 
ilrrl\'C ,lt (:l], 3.33. 

(Eq,J.33) 

· thl' 
Herc,:., i.., a parameter fore,lch atom type (in tlw,pirit of molecular ml!d,,,nil,) and SA 1"' 

solvent ,1ecessiblc !'>urface Ml'a for ,1lom i. 
What about Gr,,1 for iln ion in w,1tcr? \\'c n1.-cd to consider two type, ol inte:-r,1cti,1n"'• f}tt' 

first i, the interaction bch, l'.:"n solutl' itm,, which ,hould be modeled b,· Coulomb' IJ''· fhe 
other i-. the intcrJction of iln ion,, ith the ,olvcnt, and this can hl' mod;ll•d b)' the (Jl1rll eq~•

1
• 

t. · d · c.. · 3 , ·h · 11lar ion, as menllonc in J\!Cllon .2.2. I CSl! two cqu,,tiorh arc, to some cxt.:-nt, of a .. ,n 
form. and so can be combined to giw Cq. 3.34. 
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wherl' f Lhc dielectric constant, q; is the charge on atom ,, 
and /c,IJ (the generalized Born function) is (r,l +- a,r1 e P)°-5, 
when~ 11;1 • (a,a/5 and D = r;/1-/(2tti1)2 and 11; is the radius of ion i 

(Eq. 3.34) 

Admittedly, it is not complete!, obvious wherefc.,a comes from. It is an intuitive combination 
of Coulomb's law and the Born equ,1tion. Howe\'er, it does reduce to the Born equation in 
the limit of r = 0 (i.l'., only one ion is prcsenl), and it is purely Coulombic if r >"> n. The bot­
tom line is Lhis melhod works well, as shown in Tabll' 3.13. The result<; are really quite 
rcmt1rkablc, and they span the en tin.' range from hydrocarbons to polar organics to ions. Im­
portantly, because the c,1lculation o( c;olvation energy follows very much the form of a mo­
lecular mechanic-; calculation, this method can be easily added to any force field. Also, calcu­
lating the salvation ,1dds an insignificant amount of time to the calculation. Perhaps more 
1mport,u,t for our purposes, this approach shows that useful results can be obtained by con­
sidering such effect.; as cavit,1tion, su rface area, and cleclrostatics. 

Table 3.13 
Comparison of Experimental Aqueous 
Solvation Energies with Those Calculated 
by the Generalized Born Model• 

G..,., (kcal/mol) 

Solute Experi men tat Calculated 

Ml'lh,mol -5.1 -6.2 
Acetone -3.8 -3.2 
Ace11c.1eid -6.7 -6.5 
Bcnzt•ne 0.9 -1.0 
11-0ct.ine +2.9 +2.9 
NII~ 80 -91 
Mc ,i\-1 I -S9 63 
CII.CO -80 83 

'!-till. I\ C:. kmpayf.., A cl ,1I. "S<·m1an,,lyti,al fr,·almt'lll of 
Snl\',1liun for Mnkrnl,1r R1·coi1mtinn and Dyn.im,,-,,." /. /1111. C/1,w. 
5,1(, 112, bl27-bl2'1 (1990). 

A potcnliallv signific,mt improvement or this generalized Born approach involves cou­
pling this model with high-level quantum mechanical calculations of the charge distri­
bution of the solute molecule. As di-,cusscd in considerable detail in Chapter 14, it is now 
routinely possibk• to calculate the full wavefunctions for Lypical organic molecules usingso­
called al, i11ilio methods. One outcome of such calculations is a detailed and accurate charge 
dislribulion for the molecule. It is now possible to use the quantum mechanical charge db­
tribution, rather than the much cruder molecular mechanics charges, to evaluate the electro­
st<1tic component of the soh•ation energy. It is even possible to calculate the perturbation to 
lht• molecular charge caused by Lhe solvent and vice versa. This leads to the so-called sclf­
consislent field (SCF) calculation, directly analogous to tht' SCF methods described in detail 
in Chapter 14. These .uc developing methodologies, but Lhey do hold considerable promise 
as tools for evaluating the cffeds of solvation on structure and reactivity. 

3.3.2 Explicit Solvation Models 

A great deal of work has been expended lo develop explicit solvent models within the 
molecular mcchanic.s approach. Water has been the most extensively studied solvent be-

197 
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cam,e of its ob, 1ous imporlanct' for biology •• md ,1 popul,H approad, is the TJP4P nwdel 
(fransfcr,,ble mll.•rmolecul.-ir pokntiaJ.. with a 4 roint ch,1rg1.• model). In this approach, a 
water molecule is ln.•,1tcd ,h thr1.'l' van der Wa,,ls '-phen:s (two hydwgcns ,,nd on1.• oxygen) 
with four centers of partial charg1.'--two po-.itivc chargl.'s on the hydrogens and two ncga­
ti\'C.' ch.ugcs at "tctr.1hcdral" location-. on the oxygen. Another popul.-ir nwdd i-. TIP3P, 
which h,,._ t\"\.'O positi,c charges that arecomp1.•nsat1.•d by ,1:-ingle neg,,tivc charge on tht:' oxy­
gen Each water moh:cult· i.., held rigidly-thl'rc i.., nu oplimizntion t1f bond lengths or bond 
angles. 

Similar models 1.•xist for othl.'r '-OIH·nl..,, :,;uch a-. CHlC12, Tl Ir:, etc. In c-ach im,tance, the 
solvent molecules clre treateu as rigid that i-.;, thl'ir internal g1.•onwtrie.., an.• not optimized_ 
\11olecul.u mechan1ts-tvpe calculation~ arc now done tCl cvalu,1tc int1.•racliuns between the 
solute and llw man\ soh l'nl moll.'cules. 

A '>inglc solute"molecule is placed in a box that is tlwn filled with "-llh'l'nt mol1.•cules. The 
box has periodic boundary conditions, meaning th.it if .1 -.olvent molecule exit-. the box on. 
the right. an im,,ge sol\'ent mok·cull.' l'ntl•rs on LhL• left lo take its plaet•. It is as H the box is iu"-t 
onl' of a la I ticl' of bm,(•s. 

[ low big should the box be? If it is .1 cubL•, t1nd ,ve want to put a nmder.1Lcly-sill'd solute 
molecule in it, a box with c; A sidl'"' would be too ..,mall-:,olutc molcl.'ult.>s might protrude 
out of the box. A 100 J\ box would be much bl.'lll'r, but r1.•,1llv \'ery larg1.• in tt.>rms of computa­
tion. For small organic -.uluh:s, a Lube with :!O A sidl'S i ... oit~·n c11.kquat1.•. It b ,1 simpk- matter 
to calcul,1te that 267 wt1ter molecules will fit into ,120 x 20 X 20 J\ box. lflhc soluk is ethane .. 
for example, it would takl' th<.> pl,1cc of two w.1ters, ba-.ed units size. rlrn..,, our 1.·,1kulation 
would lw on il box with 265 wall'r molt>i.:ules .ind one L'th,mc. 

What do we do with such a ..,ystem? Do we "optimizl•" it.:: g"•onwlrv' Not r1.'ally. Liquid 
systems .ue dynamic. An "optimizt•d" geometry is simply ,1 sn,1p,hot ol wh.1t 1s,1 nm-.tantl 
changing. eguilibrating system. Even if we could obtain ,,n optimizl'd struclul'\.• (image the 
possibilities for false and or non-global minima!), it would not really tell us wh:it Wt.' want 
lo know .iboul the system. ro gel., feeling for., liquid ..,ysil'm, we net•d to ~,·alualt.> it, pruper­
tiL·.., as an average over a pc1rticular period of time. In this way, meaningful tlwrmodynami<: 
properl11.!.., of a liquid system can bl· ublaincd. 

fh1.•rt.> arc two different way-; to eXl'CUll' this avcr.1ging: Mcllltl' Culo mt•lhods and lllC>­

lccular dynamics methods. Both methods ar1.• common Iv used, and both ha\'l' p.irticul,tr ,h:l­
vantagcs and dbadv,mtagt•s. We will bricOy l,1y out tht.: b,1sic:- of tht.>:,I.' two methods bdo""1-. 
A thorough derivation of tlwse two fairly cumplt•x procedures is bcycmd tlw ,cope (lf th is 
book. Our goal is to pro\'idc some fomiliaril)~ so mndt.·rn work in tlw f1dd \'."an be intelli­
gently rL•ad. 

3.3.3 Monte Carlo (MC) Methods 

The Monte Carlo (MC) method start!> with a particular ,ur.mgcnwnt of all tlw particles 
(solute and solvent molecules) in the system-a conhgur,llion. 'I hen, a three-step prncedu~ 
is applied. 

i. Calculate the e11t•r:~y; 

ii. Mow 11 rn11do111/y chosen 1111rticl,• n rm1dm11 dist,mc,•, i1111 r11111f()lll ,lirc•cti,m; amt 

iii. Recnlc11/11t,· lht' c11agy mid ret11m to st,·p ii. 

It is f~om :step ii that the method derin'!. its 1i.1mc-thc process of choosing rando~ 
number!- 1s a., ,r din• were thrown ,lt a ,.:i..,ino. 

This i., statistical mech,inics, so cl.i~sical terms such as free energy (G), dcn .. ity ~~), P~­
surc (P), temperature (D. voluml" ( V), enthalpy{//), .ind 1.•ntrupy (S) will bl' n:>le,·ant. In pri~­
c1ple, 1f enough configuration.., arc e,·aluated, the Montt• Carlo method will produce -cl 
aver~ge e~ergy that is ml'aningful. In p~a~ticc, hm,·t•vcr, an unrcc11i,tkally l.uge number ~1;: 
configuration-. (perhaps hundreds of m1ll1on!>) would h.n·c to be c,·aluatc-d before the a,· 
age would become meaningful. :t---
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I his probll.'m can be circumvented by bia..,ing the "randomness" of step ii, introducing 
importance sampling. This causes the method to favor "good" configurations over bad. The 
most important approach to importance sampling is the Metropolis method (Monte C.arlo 
is a city, but Vletropolis is a person's name). Steps i and ii are the same as above, followed by: 

111. Rcmlc11/at1• f/,t' l'llagy. 

a) Ii thl' energy(/;) gol'S down, 1'1.'ep thl' new structure. 
b) If£ goes up, generate a random number f', ,uch that O < /' < l: 

If I' < i•--<~r Rn, keep the new !'>tructure. 
If p > t' ur Rn, discard them'\\' structure and return lo the original (and count il 
again). 

il'. Ret11m to Sf('/' ii. 

This approach biases the sampling toward low cnt•rgy <ilructures. It can be shown that Me­
tropolis sampling pro<luces an•rages that are meaningful from a statistical mechanics view­
point. Another sampling bias usualh introdun•d is to favor moving solvent molecules that 
.,re clm,er lo, rathl'I' than farther from, the solute molecule. 

With thL~e approaches, the Monie Carlo method becomes a feasible, but still large, cal­
culation. For exampll'. to t.>valuate a simple solute like etham.• in water, v-.-e might first evalu­
at<.' 1()'" configurations just lo let the system "settle down" (i.e., equilibrate). Then, we would 
.,wrage owr 2-4 X I (lb configurations to consider the solvation. 

\n intNl'sting ft.>aturc of :-.uch sampling methodi-. is that the final average energy is in 
fact a .lG valm.•, even though a mok•cular mechanics force field is used lo evaluate the cner­
gil'S of l'ach configurat1011. I low can a method based on molecular mechanics (which evalu­
ates .l/ I') producl' a .lG '? Rl•membcr that .lS' is innately a statistical term (recall the discus­
sion of the two Ctlnformers o( g,1uche butane in Chapter 2). Thus, bv averaging over a very 
large number of configurations, statistical biases for particular arrangements will factor in 
n,1turally, and ..,o .lC, will eml'rg<.' from the calculation. Since equilibrium constants arc in 

f,1ct determined b) .lG°, nol .l/ , ,, thi:-; is a verv useful feature. 

3.3.4 Molecular Dynamics (MD) 

The moleLular d} n,1m1cs (MD) method prO\ 1de1, an alternative strategy for generating 
the large number of configurations of solute and solvent necessary for meamngful liquid 
simulations. lnstl'ad of random I) generating ,tnacture.., as in the Monte Carlo method, we 
take ad,·.Jntage of the fact that molecular mechanics methods provide not onl) energies 
but also forces, via the first dcri\atin:>s of lhe force fi<'ld equations. The method proceeds as 
follows. 

We begin with a system in ,111 initial state, such as a solute and many !->Oh-ent molecules. 
We calculate thl' molecul.ir mL•chanicsencrgy and also the forces on the molecules via the dc­
rivati,·es of the iorcc field equations. Unless the svstcm is at an absolute m inimum with re­
spect to ,,II dcgree:-;offrccdom-an unlikely situation for an initial configuration-there will 
be finite forces on the system. Wt• now simply ,1pply Newton's classical equations of motion 
and let the system accelerate along the trajectories est,,blished by the forces. Aitcr a set 
amount of time, we stop and consider the new structure as c1 new configuration to be aver­
aged, and compute its energy. We then proceed along the dynamics trajectory for another 
lime step and repeat the process. After enough steps, this v,,iJl generate an ensemble of struc­
tures that is comparable Lo one generated by Monte Carlo methods. 

How long should each time slep be? Experience has shown that this must be a very brief 
time-on the order of I 2 forntoscconds (fs - 10 1

~ s). Allowing the structure lo folio" any 
one trajectory for longer liml'S will carry the system into unrealistic geometrics because the 
molecular mechanics ml'thod is imperfect these arc not "true" forces. I low many steps are 
enough? The more the better. Realistically, it would be useful to run a simulation long 
enough to "sec" a conformational interconversion take place, such as a chair-chair inter­
conversion in cydohe,anc, but this often is unrealistic. Using the Arrhenius equation (k 
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At• r:.,Rr; sec Chapter 7), and sensible activation parameters (£ft• 10.8 kcal/ mol; logA - 13), 
k = 1011 x e .(IO.soo 1 '-11<7 • 2"11> = 1.2 x 10 , then t(½) 5.8 X 10 1' s b µ.s. The even long~r m,;; 
timescale is an appropriate one when ctmsidcring protein folding and unfolding. Wilh a 1 fs 
step time, we would need 6 x 10" configurations! This j.., three ordl'rs of magnitude more 
than i., typically generated in a Monte Carlo simulation, and 1s 1.:urrcntly unfoa,;ibk' compu­
tationally. Typically, the lengths of the trajeclorie!> studied .1rc 1n llw nanosecond range, and 
this is often enough to get meaningful thermodynamic data, but not enough to dircclly"~e~" 
a structural change. 

3.3.5 Statis tical Perturbation Theory/Free Energy Pe rturbation 

We introduce here one more extreme!\ useful molccul.u mechanics ba.,ed technique· 
pe rturbation methods. Although somc..,vhat advanced, the mclhod is :-o power(ul that ... tu­
dcnts of modem organic chemistry should know of it The tact is that the explicit sol\ .1tilln 
methods only became really meaningful for expenmcntalisls when the perturbation meth­
ods discussed here wen: introduced. We will provide only a very br1d introduction. Note 
the method is equally compatible ,,:ith MC and MD method'>. 

Suppose we want to calculate the aqueous solvation energy of organic molecule A On1.' 
approach would be to first fully cquiltbrate a box of TIP4P water molecules and obtain the 
average energy. We could then introduce one molecule of solute A and obtain another ,n 1.•r­
age energy. We could then subtracl th1.· two cnergic..,, and obtain the sohiation cncrg~. rn 
practice, this is unfeasible for two reasons. First, the perturbation of dropping an A molecule 
into an equilibrated box of water is substantial, and il would take a long Lime lo be ... urc we 
reach a real equilibrium. More seriously, we would be subtrading two very large number, 
(the energies of systems with hundred-. of molecules) Lo obtc1m a relatively small number­
always a risky procedure. In practice, this 1usl does not work. 

Actually, experimentalists arc rarely interested in absolute sol\'alion energies \'\e want 
rein live solvation energies. We noted Lhi.., when we discussed heals of tran..,for of -.uluh.", be­
tween two solvents in Seclion 3.1.3. I low much more or )c'-is .,olubk• is B than A? lf we ~all) 
need an absolute energy for B, we start with another molecule (say A)\\ hose experiment.ii 
salvation energy is known. We then determine the rt'l11frt.1, solvatiun cncrg) of B, and th1.'n 
combine it wilh Lhe experimental number for A lo get the absolute ..,olvall(m en1.•rgv for 8 . 
A recently developed method termed statis tical perturbation theory, SPT (equi\',llcntly 
termed free energy perturbation, FFP), can answer this kind of n.'lc1l1\'e energy qu1.-:-tion 
quite well. The essence of SPT is the Zwanzig equation (fa1. 3.35), 

~G = G
1 

G,= -kT ln<exp((H1-H,)/kT]>, (Eq. 3.35) 

where G, is the free energy of slate i', t.>tc., and" :: ,," means ~wcraging 0\'er configuralil,n~ 
generated for stale,. 

According lo Eq. 3.35, the free energy d1ffcrcncc between two states can be obtairwd 
from a collection of enthalpy difference,;gcnerated b) Ml. or MD for configurations lh,1t fol­
low a smooth perturbation of one state into the other. A.,, long as the perturbatkm on g~,inh 
from state j to state i is small, and as long as a proper averaging is done (as in Monte Carlo 
and MD methods), the free energy diffen•11n• between the two states is obt,,ined. 

So, lo get the relative sol\:alion for A/8, we equilibrate A, incn.·mcntally permuh.' 
(morph) it to Band apply the above equation. There are two important bsuc~. Fir ... t, how dt' 
we morph molecules? Actually, m the molecular mechanic~ method, this is not difficult. 
Consider A = ethane and B = ml!Lhanol. To convert ethane to methanol, we simpl\ ch,mgt> 
all the bond lengths, bond angles, and 1110/ern/nr mt•d1n11ics terms, su1.h a ... ,·an dcr W.i:ils radii, 
partial charges, etc., from those for ethane to tho~ for meth,11101 

The second ic;suc arises from the phrase," as long a!'> the perturbation on going from ..,t.llt' 
J to state, is small", given above. Jumping straight from ethane to methanol is, belie, e it or 
not, much too dramatic. Jusl lil-..e dropping a moleculi! into thc pure stllvcnt system \\'a-. too 
severe, the solvent system will just have too much trouble readjusting to this d ramatk per-
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turbation, and the method fails. We need a smaller perturbation. So, we go from ethane to a 
molecule that is 95~1r,. ethane and 5% methanol. This is a small perturbation for sure, but what 
does it mean? Remember, we are not dealing with real molecules, but rather with sets of mo-
lecular mechanics parameters and equations. It is actually no problem to simply scnle the 
molecular mechanics terms to create a mythical system that is 95% ethane and 5% methanol. 
We arc not saying there are many solute molecules, 95';,, of which are ethanes and 5<½, of 
which arc methanols. There is only one solute molecule, and its geometry and molecular me-
chanics terms are a 95:5 weighted average of those for ethane and methanol. This perturba-
tion is small enough that we can obtain an accurate ~G0 value by Monte Carlo or MD meth-
ods. Then, we permute the 95:5 to a 90:10, and so on until we get to our endpoint of 100% 
methanol. Adding up all the ~G0 's for the individual steps gives us the free energy change 
'A'e seek between the initial and final states. Basically, we are simply permuting one molecule 
lo another with small enough changes so that the solvent can keep up with them. The molec-
ular mechanics method is well suited to this. 

The bottom line is that SPT methods are very successful. The ethane/ methanol relative 
solvation energy is obtained with essentially experimental accuracy. Once the concept is 
cstablbhcd, much more than just relative salvation energies can be obtained, as indicated 
in the following Going Deeper highlight. The method is computationally intensive-the 
study described above would require 21 full MC or MD runs-but the results are often 
worth it. 

Going Deeper 

Calculating Drug Binding Energies by SPT 

'\ common situation in the pharmaceutical industry is as 
follows. A successful inhibitor (11) of some protein (P) has 
bl'cn dewloped, and a cryst.ll structure of the inhibitor­
protein complex 1s obtained. The inhibitor is not optimal, 
however, and one would like to design molecules that 
bind more tightly to the protein II is \'ery difficult to 1111ri-
1m calculate binding energies for small molecules to large 
proteins. The SPT method, however, is perfect for this 
kind of problem Consider the following thermodynamic 
cycll' 

uG1 11 .. !'----'--- 11 • r 

.~, j ]""' 
\(,2 

fnhtb,tor 
I' Protein 

Thermodynamic cycle used in SPT 

Summary and Outlook 

We know ~G, by measurement. We want to know 
1G , where 12 1s a molecule that is proposed, but perhaps 
not even synthesized yet. It is easy to see that 1G 1 - aG2 = 
~G,-1G,. Note that 1G, and 1G, are easily obtained by 
SPT. ~G.1 1s just the relative solvalion energy of the two 
inhibitors, as in the ethane/ methanol example in the text 
(the protein, P, docs not even figure into the calculation of 
1G,.) Similarly, .lG, can be readily obtained from SPT by 
permuting 11 as it is bound lo the protein to 12 in its molecu­
lar mechanics calculated geometry for binding to the pro­
tein. Thus, from two SPT runs that might be expected to 
be quite reliable, we can get ~G1 - ~G2 and, because we 
know .iG1, we obtain ~G2• In principle, this could be done 
for many compounds, and the information could be used 
to decide which new inhibitors arc worth the effort of syn­
thesis and testing. 

We have discussed solvent structure, solvalion, the thermodynamics of solutions, several 
binding forces, and finally computational methods to model solvation. We found that the 
molecular structures of solvent molecules are the origin of the bulk solvent properties. The 
interaction of the solvent with solutes determines salvation properties, which arc combined 
with the intrinsic stability of lhe solvents and solutes, and the entropy of mixing, to give the 
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. lh tdrt\C~ . . h' I G'bb ( , fa solultClO ,1 total Gibbs free l'nergy llf.1 solution. II 1s l ts tota 1 .., n.-c cncrg) 0 . 
1 

, ,oh•ation 
the dis,ol\'mg ol a S<llutc, and any spont,111eous chemkal tr.m!ihlrm,ltll>ll. l lw din"• Ji· 

b. J• . • • • l,vdrot'l'n x1n u 
propl'rtics can be analy:11:"d as 5(.'parate mumg torces: 10n pamng, ., o tlw.;(' con· 
pole interaction,, ,r interactions, ,md the hydrophobic cffl•CI. Wl' will return 10

• n mceha· 
cepts of ,olvation, ,t,l\'cnt prupl'rlic,, and binding forces, when we exnmine n.•~dtO f "'' l'r,1I 

1 b" atl(ln ll -nisms and catalysis. I lowen•r, our next go,11 is lo how how L ,c Cl1m m, 
1 

r:-Ngn1· 
binding forces in the design of wnthl'lic M.cplor!- ll',ld'- to tlw lll'ld, of moki.:u a~ l; oi J~­
tion and ,upramolccular chcmi-.iry. Henn•, it i-. time to explore ht,w thl' incor~rat:o~kJ ,1 ... 
tind binding force-. in thl• dl.'sign of multiple chemical cntitic ran lead to the nul n 
,cmbly of 1.-irgc mokcul.-ir aggrcg,1te., from ~vcral ,m,111 mok-cule prl'l'Ur'-or,. 

Exercises 
,J 

• • . • I r t th<' pr;.-trrtt 
1. Chloroform -.ho\, s a -.1i:;mtu:ant bmdmg mtcr,1ct10n with bm11•nl', but carhl,n tetrachlonde dol.-s not. I rel ll 

gloml'lry for thl' intcr,1ction an,\ describe thl' phy iral n,1turc of the dllrall1on l'ichu'<'n th1• two mnkl,,k..;. 

2. Show hllW we I.now th.11267 wnter nmhuh.> fill a 20 A x 20 Ax 20 A box. 
recogn1tll'O 

3. 8l'nzcnl' ;., .1 pol.irmokcule, but not ,1 pol,1r solwnt In hghtof thcration--n mteracttonand oth •r molecular ( hc~ 11ri.: 

t.>fh.•cts mvoh·ing bl?n,l·ne thal \\C have d1scu-.St'd above, c,pt,1m why KO 1., solubll• in\, ,,t.~1 but not 1n benzene 1 

at lt:a.,t threl' reason<.). 

d · .I • . • I !d " 1 he rolJ! 4. Predict,, trend for cll•dnin on,1tmg anu ill"'(:eptmg ,ub!.ltllll'nl cllccts in the CoMcctmns highlight cnttt c 

, .,tun: ol lknzl·nl' Afll'cts Ac1d1tJl'., ma l'n.'did,1bl1' MJnrll'r" . I xpl,1m your preJ,, lluns. thJI 

s. Use a strictly electrostatic argument lo rati11nah1c tlw l,1ct th:it the bind mg rncrgy 111 ,,mmuniJ to lwn11•n-• 1 ll.., thao 
ol watl•r lo bcn✓l'nc. I 

. I . ~c,11 olO 
6. We ,t,1ted in thl• text that rm,, mom1,·all·nt mn m Willl'r ,1I 298 K, the Born solvallon l'Tll''S), E..,. Cl.luab - 164 a ,n 

(t-
0 
= 8.854 X 10 12 C2/J • m).Show that this is so . 

. . ~~ 
7. we-.tate m the te,t thatuvt•r 19 kcil / molof solvaltonenergyfora mon{)\alent 1011 lomcs frt•m water molecu1,~ 

2: 85 A from th\• ion. Shim that th1-, is .,o 

- I ' I) f · 1 · • · I ' t, rft.-ct 8. The ~Lr (cal K • mo or water 1" X;_ 10~ ,c~ t ~ 9. Do tlwsl' d,1ta providl• a simple l'Xplanation lor the he.it f•'~MCI 
it•nerallv <.~nm hydrophobic ,1 ..... 1,c1ahon">? . 

h I a~~ 9 In a c., .. • t. b_,l"'-' p,m of D'\ .\, t l'fl' arl' thrn- hnln>gen bond torme·' '-·•t, "" th b , tl hv·•,,.,.-.cn t,on• ~ tcfll . . . • uuc ,c"n e ascs.,,s ,e , u .. -o hG ,~ 
d0'-1.· pro'l.lm1ty. ~hl'rc ,., ,1 ~c~ oppllrtumty t,,r scwnd,1ry intcr,llltiw, (Sl'l hon 3.l .3). Ju en51..->n ha.; a nal\ ,,,d t 1 ['(' 
in ocneral. Con.,.di..>r all ~1,,1ble .1rrangeml'nts ol thrl'\! hvdr(\('L'tl bonds(" g th \ rg , P irtrwf\' 1th thl'\ .~ 

o h , . , . , .. o l . • ., n.."'C l onurs on one • t'l"'~ ,. 
accef>lors on thl' othl•r), and I c , .ir1ou .. ,, avs of h,wm,• two nlu on . I) ,1 . h h h dan. 1nt,•rac 1 

. . . h , • 0 r c. c l'rmtnc•" et er t e econ . , 
.. tabili2 ing or destab1lumg for cac wt. \\ here drll:->s the l,•. •C p,ur I all? 

tJraC' 
Jorgensen.\\ l_ and l'ranala, J " lmpc,rtanccofS..,a,ndary lnkractionstnlnpl , 11 d C nc-{;) to-.lf11!' 

2.6.Ji.iminol'ymhnc." / r\m.C11t111.£1(~ 112.2tK~20I0(l'J9()) \ 1 ntgcn llonded Complc l'5 ,uoru 
1W 

10. U-.ing thl' dat.1 ghl·n in Section 3.2.5, ,1nd a 40cal/ mol ,\ value for th, 1 d h L ff 
1 1 

th" chtfcren, .... ,n '"_..3J 
. .I h b G . l l)' rop OutCC cct ca cu ate " r rca•~ race .1rea for anti anu gauc l' ut,1m•. 1ve11 an l'Shmated urfacc a~» f . b ' 1 1 

tht!;;ur a• 
h b • • "'" vr antt utanc of 127 A , c timJ ,, 

gaui: e utanl'. 

h ., . · c . I ttolP' 
11. tn n.•forcnce to I l' ul',\;U~,1on ot .;,,.•dmn 3.1 c;, what is thl• driving I t f A fin,t od< " 

? orcc o orm somcofB\\henpurc 1<; 1 
soh·l•nt. 

onl'I 
12. Arrangl' the following cllmpounds in order of inrrea ini> hyd " ,. d h ,1 llll<'• Rilll 

. ,r O rogcn L'On dnn,1tmg ab1lit~• llm ard met ' ,rn 1zt' your an-.w~ •· , · 
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13. ·\rrangl' the following comp<>unds in order of incn.'asing hydrogen bond accepting ability from methanol. Rationalize 
your answer. 

14. l.1lcu l,1k thL• <.>nergy of ,1ttraction in ,1 vacuum for the following ~rrangement of dipoles (look back to Chapter 1 for bond 
dipole, ,md l,ond ll•ngths). What slops the two molecules from !-.Imply collapsing togethL•r? (I Debye = 3.33564 x 10 JO 

C. • m.) 

H 2.3 A H 
\ \ 

C-CI ·•••••••·•· C Cl 
Hr ~ H~ = 

H"' H 

15. )f one drop e,Kh of ( M ,olutions of NaCl ,lnd sucr0SL' \~('rt' ,1ddcd to ,t>paratl' I L porhons of water without shrring, which 
would more quickly form ,1 homogl'm:ou,.,oluhon? \\hy? 

16. \\'lw i-.,-1 l utm U'-L'd .,., a criterion for import.inn• sampling in Monte C.1rlo calculatrons? Why aren't the endothermic steps 
Jll',t disc,1rded? 

17. \\'hy I!-. \\'Jtcr ,1 betll'r hydrogen bond donor than methanol, when•as methanol is a better hydrogen bond acceptor (see 
lable 3.1 )? 

18. Wh,11 forn:-(s) is (an•) responsibk• for the higher hl'atof vaporization of acetone compared to b<.'nzene? Wh.it force(s) is (arc) 
rl•,pon-.ible for the higher heat of vaporiz,1tion of benn•ne compared to chloroform? 

19. Why i., ,1 l,1ci.. ol solv.ilion an importc111t f,,ctor in fonmng ,1 low-bc1rrier hydrogen bond? 

20. f.i,t ,ill thl' po,sible driving forces for ,r ,tacking found in DN.'\ duple\.e,. Why is it possible for the~,,- systems to stack on 
top of onL' ,mother, while lwrein we noted that benz1mc does not do this? 

21. Wl' nott.•d in tlw diswssion of donor- -,11:ccptor interactrom, that thl• charge transfer-.cen in the UV/ \,., spectrum is not .i sig­
nilfrant f.lctvr rn thL• binding forcl'. When might you c,pect charge transfer lo become a -.ignificant factor in the binding 
forcL'? 

22. lhl• C.-1\ bond rotc1tion b,miers in amide, .irt• g,merall} lowl'r in the gas phas..• than in solution. For example, the barrier in 
dimethyltorn1.1midl• ison aver,ige J .5 kcal / mo] lower in the gas phase than in the solution phase. There are at least two pos­
siblL• e,pl,lnations. What are thl•S(.'? 

23. Wh,· arL• theiv no corrl'lation time . ., n!porlt'd for spheric.ii cations such as Na ? 

24. On ,1ver.ige, thl• diffw,ion coefficienh for lithium s,llls are smaller than for sodium salts. Explain. 

25. Jn thl' following hctl•rocrclic compounds, the kl'l1> form dominate!-. over the enol form in '-Olution. Suggest a rea'-On for this. 

Cl (X
,H 

~ · 
OH ~ 0 

~~ = Hf:1~ 
~OH ~O 
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