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chloride molecule. I t is pertinent in this regard 
tha t the benzolysis of tri tyl chloride in a non-
polar solvent is more sensitive in rate to the capac
ity of the medium to provide for electrophilic than 
for nucleophilic solvation.11 '12 I t has been demon
strated in this and the previous2 s tudy of chloro-
acetolysis tha t when there is free acid in the 
medium (when [HA] t / [Am] t > 2), a term appears 
in the rate law which involves the product of the 
concentrations of the 2 :1 salt and the acid. Pre
sumably Am(HA) 2 and the free acid may function, 
respectively, as nucleophile and electrophile either 
in a concerted or a stepwise (eq. 11) at tack on 
trityl chloride. 

(11) M. F. Hawthorne and D. J. Cram. J. Am. Chem. Soc, 76, 
3451 (19.54). 

(12) See C. K. Boozer, J, D. Robinson, A. Holdatos, J. C. Trislcr and 
C. Wiley, ibid., 78, 3428 (1956), for a discussion of the relative impor
tance of these two types of solvation in solvolytic reactions of halides. 

Introduction 
The thermodynamic parameters for the inter

actions of non-polar groups of proteins in aqueous 
solution (hydrophobic bonds) have recently been 
calculated by a statistical mechanical t reatment , 3 

based on earlier considerations of the properties of 
water and of aqueous solutions of hydrocarbons. 4~~ 
I t is known from exper iment 4 - 7 t ha t the transfer 
of a non-polar substance from a non-polar phase 
into water is accompanied by a decrease in both 
enthalpy and entropy (near room temperature) ; 
the predominance of the entropy effect over tha t 
of the enthalpy makes the process endergonic, 
tha t is, unfavorable. Presumably, the non-polar 
group has an ordering effect on the water molecules 
near it,4 thereby increasing the degree of hydrogen 
bonding among the water molecules. Non-polar 
groups in an aqueous medium tend to associate; 
this association minimizes their contact with water 
and is accompanied by a decrease in the degree 
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h 
(C6Hs)3CCl + HOOCR -^*~ (C6H5)3C-Cl-—HOOCR 

* - i 

RiR2NH2 OCOR.RCOOH 
• > 

k-2 (Slow) 
(C6Ho)3COCOR + RiR 2 NH 2

+ Cl- -f RCOOH (11) 

The reaction which occurs when [HA]t/ [Am]t = 
2 is most interesting. Under these conditions a 
single 2 :1 salt molecule must function both as the 
nucleophile and the electrophile which are required 
to accomplish displacement readily. The detailed 
course of the reaction which occurs under these 
circumstances cannot be formulated a t this t ime. 
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of hydrogen bonding and an increase in the freedom 
of the water molecules which are thus liberated 
from the neighborhood of the non-polar groups. 
Near room temperature, the formation of a hydro
phobic bond between a pair of side-chain groups in 
a protein is accompanied by a decrease in free 
energy and an increase in both enthalpy and en
tropy ; the predominance of the entropy effect over 
tha t of the enthalpy makes the process exergonic. 
The actual numerical values3 depend on the nature 
of the side-chain groups and on their extent of 
overlap. 

Adsorption experiments on non-polar surfaces 
may provide useful information about the proper
ties of hydrophobic bonds in aqueous solution 
which were predicted in the previous calculations.3 

Such experiments can be carried out by chroma
tographic methods. Rieman8 has recently re
viewed his work and tha t of his collaborators show
ing t ha t mixtures of some organic substances can 
be separated on ion exchange resins; these experi
ments utilized the varying degree of binding 
of non-polar substances to the non-polar parts of 
the resins. However, it was reported8 '9 tha t no 
adsorption or separation could be effected on 
columns of polystyrene free of ionic groups be
cause the surface area of the polystyrene particles 
was too small. For the purposes of the present 

(8) W. Rieman, III, J. Chem. Ed., 38, 338 1,1901). 
(fl) G. D. Manalo, A. Breyer, J. Sherma and W. Rieman, III, J. 
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A method is described for the preparation of polystyrene particles of high adsorptive surface area. The chromatography 
of several organic acids (in aqueous solution) on the polystyrene thus prepared illustrates the dependence of the strength of 
hydrophobic bonds on the nature and size of the interacting non-polar groups. The separation of mixtures of some organic 
acids could thus be accomplished by chromatography on the large-surface polystyrene. Urea seems to decrease the strength 
of the hydrophobic bonding to the non-polar surface. The general effect of urea on the adsorption process is shown, how
ever, to be somewhat complicated. 
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paper, it was advantageous for the packing mate
rial of the column to be entirely non-polar and of 
large surface area. Such material will be of im
portance if columns are to be utilized in research 
on hydrophobic bonding, where it is desired to 
eliminate electrostatic interactions; it may also 
offer possibilities of analytical applications. 

In the present paper we describe a method for 
the treatment of crosslinked polystyrene particles 
to increase their surface area considerably and 
illustrate their use in the separation of some model 
compounds on columns. The strength of hydro
phobic bonding of these compounds to the column 
packing is found to be sensitive to the size of their 
non-polar portion. Urea is shown to affect the 
strength of hydrophobic bonding to these columns. 

Experimental 

Materials.—In the preliminary experiments polystyrene 
(Dow Chemical Co., PS9) wras used. For the quantitative 
experiments, 2 % crosslinked polystyrene particles (a co
polymer of styrene and divinylbenzene in the ratio of 98:2) 
of 200—100 mesh was obtained through the kindness of Dr. 
E. T. Dumitru of the Dow Chemical Co. 

The following substances were used in the experiments: 
Baker reagent grade phenol and acetic acid, Matheson, 
Coleman and Bell, ^-dioxane (m.p. 10-11°) and «-caproic 
acid (m.p. —3° to —5°), Mallinckrodt USP benzoic acid, 
Eastman butyric and isobutyric acid (reagent grade), 
Mallinckrodt analytical reagent methanol, ammonium sul
fate, KOH and urea. Urea solutions were neutralized to 
pH 7 with dilute HCl. 

We are grateful to Dr. J . A. Rupley of this department for 
the preparation of ribonuclease A and oxidized ribonuclease 
A and to Dr. J . Kurtz of the Weizmann Institute for the gift 
of poly-L-proline of mol. wt. 15,000. 

Preliminary Experiments.—The packings used in the pre
liminary experiments consisted of a fine powder of non-
crosslinked polystyrene. The powder was prepared by 
slowly adding a mixture of water-methanol (85:15, v . /v . ) to 
a 3 % solution of polystyrene in phenol with vigorous shaking. 
The polymer was washed with distilled water by decantation. 
This material (when packed in a column) was capable of 
adsorbing organic acids. For example, benzoic acid had a 
distribution coefficient10 C of about 1.2; however, there was 
considerable spreading of the peak. Other difficulties in
cluded: long time required to pack the column; slow rate of 
flow of liquid; formation of bubbles in the column when gas 
pressure was used in the packing or running of the columns. 
This material was, therefore, abandoned in favor of swollen 
crosslinked polystyrene. 

Swelling of Crosslinked Polystyrene.—In order to in
crease the surface area of the crosslinked polystyrene, 10.5 g. 
of the material were swollen in 75 cc. of dioxane for several 
hours at room temperature; dioxane is a good solvent for 
polystyrene but only swells the crosslinked particles. The 
suspension of swollen particles in dioxane was frozen rapidly 
by pouring it slowly into a flask whose outside surface was 
cooled in a mixture of Dry Ice and ethoxyethanol. The 
solid dioxane was leached out with methanol which had been 

(10) The distribution coefficient C is defined as the ratio of the 
quantity of sample constituent adsorbed on the solid at any plate of 
the column to the quantity of the same constituent in the interstitial 
solution of the same plate at equilibrium.s,n It is calculated from 
the formula 

C = U*/ V - 1 

where L"* is the volume of cluate collected from the addition of the 
sample to the peak of the elution pattern, and V is the interstitial 
volume of the column packing. The value of V was estimated by 
running a solution of HCl through the column. This acid presumably 
runs with the front of the flowing solution. In the evaluation of U* 
and V a correction is made for the dead volume between the base of the 
column and the titration vessel (see below). 

(11) W. Rieman, III, and R. Sargent, "Ion Exchange," in "Physi
cal Methods of Chemical Analysis," ed. W. G. Berl, Vol, IV, Academic 
Press. Inc., New York, X. Y., IHBl, p. 133. 

precooled in the same refrigerant mixture. The methanol 
solution was then decanted, and the particles were washed 
by decantation with distilled water. The particles were not 
permitted to dry, since it was difficult to re-wet them if they 
had been dried. 

Presumably the particles prepared in this manner re
tained their swollen configuration, at least partially. This 
material had considerable adsorptive capacity, probably 
because of its high surface area. For example, an aqueous 
solution of saturated methyl red was rendered practically 
colorless when 2 cc. were shaken with about 20 mg. of the 
material. 

Columns were packed with this material for chromato
graphic experiments. 

Analysis of Effluents.-—The substances run on the columns 
packed with the porous polystyrene particles were, for the 
most part, organic acids, since their detection and analysis 
could be carried out easily with a pH-stat. The effluent 
liquid from the column was run into a vessel of about 15 cc. 
volume, which was hermetically sealed with a rubber stopper 
and contained a stirring bar which was operated magnetically. 
A combined calomel-glass electrode (Radiometer type 
GK2021B) and three narrow polyethylene tubes passed 
through four separate holes in the rubber stopper. The three 
polyethylene tubes were used to: (1) carry the effluent from 
the column into the vessel, (2) carry off the liquid from the 
vessel when it passed a height covering the tip of the elec
trode, and (3) carry a standard solution of KOH from an 
AgIa micrometer syringe driven by a Radiometer type 
TTTIa pH-stat. The volume of base necessary to titrate 
the acid in the effluent liquid was recorded on the Radiom
eter recorder, type SBR2a, attached to the pH-stat. In 
this way, automatically recorded chromatograms were ob
tained, the ordinate being the total amount of acid eluted 
from the column and the abscissa the time (i.e., volume) of 
flow. The volume of liquid flowing through the column was 
checked from time to time by observing the volume in a 
graduated cylinder which was the outflow container from 
the titration vessel. The water used for eluting the sample 
off the column was passed through a mixed ion-exchange bed 
just before entering the top of the column. The pH-stat was 
set to titrate the acids coming off the column at approxi
mately pH 7. 

From the p i t ' s of the acids used as samples, it may be 
calculated that , at the concentrations used, the acids are 
only partially ionized. The state of ionization of the ad
sorbed molecules is not known. 

AU experiments were conducted at room temperature 
(about 22°). Rates of flow were about 15 cc./cm.2 /hr. 

Other methods of analysis were used for the macromole-
cules which were investigated. Ribonuclease A and oxidized 
ribonuclease A were detected by measuring the light absorp
tion of the effluent liquid at 278 m,u and poly-L-proline by 
measuring the optical rotation of the effluent. 

Results and Discussion 
Columns of various sizes were tried; however, 

it was found that very small columns were sufficient 
for a separation of butyric acid from caproic acid. 
Figure 1 illustrates such a separation on a column 
5 cm. long and 0.5 cm. inner diameter. It may be 
added that benzoic acid (not shown in Fig. 1) is 
eluted from the column between butyric and 
caproic acid, closer to the latter and partly over
lapping it. The concentrations usually used were 
0.001 M; however, butyric acid was run also at 
concentrations of 0.01 M, giving a sharp peak with 
the same C-values as at lower concentrations, show
ing that the surface is not saturated even at the 
higher concentration. The acids run on the 
columns were not always recovered quantitatively; 
the per cent recovery ranged between 80 and 100. 

The interstitial volume of the column used to ob
tain the data of Fig. 1 was 0.9 cc. From this, the 
following C-values were calculated: acetic acid, 
0; butyric acid, 1.1; isobutyric acid, 1.3; benzoic 
acid, 6.1; caproic acid, 10. The magnitudes 
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Fig. 1.—Separation of a mixture of butyric and caproic 
acids on crosslinked polystyrene. The column (5 cm. long, 
0.5 cm. inner diameter) was charged with 2 cc. of solution 
(0.0010 M in butyric acid and 0.0011 M in caproic acid). 
Rate of flow was 3 cc./hr.; temp. 22°. The caproic acid 
comes off after the butyric acid, as determined in separate 
experiments in which single components (in water) were 
added to the column. Also, the C-values are unaffected 
by the presence of a second acid component. 

of C for these substances follow the same order 
as the standard free energy of formation of hydro
phobic bonds between non-polar groups similar to 
those contained in these substances, as calculated 
previously.3 Similar C-values were obtained on 
several different columns containing the same 
packing. 

The effect of urea on the C-value was determined 
by dissolving the solute in urea and eluting with 
the same solvent. In 8 M urea the C-value of 
caproic acid is 4.0, compared to the value 10 in 
water. This result is in accord with the current 
hypothesis6'12 that urea weakens hydrophobic 
bonds. On the other hand, 5 and 8 M urea had 
little effect on the adsorption of butyric acid on 
the columns, the C-values being several per cent. 
higher in the urea solutions. It is conceivable 
that, in pure water, the carboxyl group interferes 
somewhat with the adsorption process and that 
urea removes this interference. This effect of 

(12) W. Bruning and A. Holtzcr, J. Am. Chem. Soc, 83, 4865 
(1961). 

urea on the carboxyl group (in the case of butyric 
acid) seems to be nearly balanced by the weaken
ing effect of urea on the hydrophobic bond; in the 
case of caproic acid, however, the hydrophobic 
bond is stronger and overshadows the effect of the 
carboxyl group in the adsorption process. Evi
dently, urea may produce a variety of effects, and 
care must be exercised in interpreting its effect on 
such complicated systems as proteins. 

I t was also of interest to see if the non-polar 
groups of native and denatured proteins and poly-
amino acids would lead to an adsorption of such 
tnacromolecules on the polystyrene particles. For 
this purpose, ribonuclease A, oxidized ribonu-
clease A (both isoionic in ammonium sulfate at 
concentrations ranging from 0 to 1 M) and poly-
L-proline II in pure water were run through a 
column 12 cm. long and 0.3 cm.2 cross section; the 
column was charged with 1 cc. of solution con
taining about 5 mg. of sample. Unfortunately, 
these substances eluted with the front. Presum
ably, the pores of the polystyrene particles are not 
accessible to the macromolecules. However, it 
is hoped that some variations in the column pack
ing (e.g., decreasing the degree of crosslinking in 
the polystyrene) may increase the area of non-
polar surface accessible to macromolecules. This 
may provide a tool for exploring the availability 
of accessible non-polar groups in native and de
natured proteins. The information thus obtained 
may be of considerable interest, since the non-
polar groups in proteins presumably contribute 
to the stabilization of certain conformations of 
proteins and lead to some association reactions in
volving proteins.6'13-16 

It is worth pointing out that this technique should 
be applicable to further studies of the properties 
of hydrophobic bonds. For example, the effect 
of temperature and salt on the C-values can provide 
quantitative data on the influence of these variables 
on the strengths of hydrophobic bonds between 
various non-polar groups. 

Acknowledgment.—We are indebted to Dr. 
John A. Rupley for helpful discussions of this 
problem. 

(13) I. M. Klotz, Science, 128, 815 (1938). 
(14) I. M. Klotz, Brookhaven Symposia in Biology, 13, 25 (1960). 
(15) H. A. Scheraga, J. Phys. Chem., 65, 1071 (1961). 
(16) C. Tanford, "Physical Chemistry of Macromolecules," John 

Wiley and Sons, Inc., New York, N, Y., 1961. 


