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the liquid phase. The somewhat lower yields in *¥Cl-for-OCHj3
and 38Cl-for-NH, substitution are most likely due to the
presence of H atoms at the substituent X, thus giving rise to
competing H abstraction.

Substitution of Cl, Br, I, and NO,, on the other hand, shows
a strongly overproportional decrease in yield with increasing
n-pentane concentration, particularly in the case of the
38Cl-for-Cl exchange. As was demonstrated previously by
Berei and Stécklin? by means of iodine scavenger experiments,
these substitution processes exhibit considerable contribution
from thermal processes, a fact which is particularly true for
the 38Cl-for-Cl exchange. This is apparently the case whenever
the substitution process is thermoneutral or exothermic (X =
Cl, Br, NO,, I). The yield for these thermal and /or multistep
processes decreases in the order of Cl > Br &« NO, > I; i.e.,
with the exception of NO,, the yields decrease with decreasing
C-X bond energy of the leaving group X. Exothermic and
thermoneutral homolytic replacement of substituents such as
I, Br, Cl, NO; by Cl atoms is well known,25-26 and it is assumed
that these replacement reactions proceed via a-complex for-
mation:2’

Cl
Cl + CGHX — @< — CHCl + X-  (7)
X

The fact that yields decrease with decreasing C-X bond energy
does not, however, follow from reaction 7, in which case the
reverse effect would be expected. An explanation can be pro-
vided by assuming a major competition from X abstraction

-Cl+C¢HsX - C¢Hs---X---Cl = XCl+ C¢Hs - (8)

which might overcompensate the replacement reaction when
going from Cl to Br to I substituents. This is also reflected by
the concomitant increase in corresponding inorganic yields (cf.
Table IIT1).

That the chlorine atom preferentially attacks the region of

the maximum electron density distribution, viz. the halogen
substituent, is also reflected by the relatively high yield of
Cl-for-F substitution as compared to Cl-for-H substitution in
fluorobenzene. It can be seen from Figure 4 that the one-step
Cl-for-H substitution yield is almost identical with the Cl-for-F
substitution yield, despite the fact that there are 5 times as
many H atoms available per molecule as F-atoms. This result
cannot possibly be explained by the small difference between
the bond energies.
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Heat Capacities of Ureas and Water in Water and
Dimethylformamide
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Abstract: Apparent molal heat capacities are reported for eight ureas and substituted ureas and for water in N, N-dimethyl-
formamide as a solvent. Data for four substituted ureas are reported in water as a solvent. Excess apparent molal heat capaci-
ties are calculated and group contributions to the excess heat capacities are calculated in aqueous solutions. It is found that the
relative hydrogen bonding strengths of protons to the peptide carbonyl oxygen are NH, > OH; > NH. Denaturation of pro-
teins is postulated to be caused either by interaction of the urea NH; protons with the peptide carbonyl or by a hydrophobic

interaction when alkyl-substituted ureas are most effective.

Although aqueous solutions of urea, substituted ureas,
and guanidinum salts are found to be effective denaturants of
proteins, the mechanism of the denaturation process is in-
completely understood. On the one hand there is evidence for
direct “binding” of denaturants to proteins.»2 Alternatively,
it has been proposed that changing of the water structure by
the denaturant plays a role in the denaturation process. Un-

fortunately, in spite of the many data that are too numerous
to reference there is no unanimity of opinion as to the exact
effect of urea, for example, on the solvent structure.? Perhaps
a portion of the problem is in the semantics involved when one
speaks of “structure making” or “structure breaking” solutes.
Heat capacity measurements have proven useful in elucidating
solute-solvent interactions,* 8 but one limitation in the cal-
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Table L. Specific Heat and Apparent Molal Heat Capacities in N, N-Dimethylformamide (cal deg™! mol~!)
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m
0 0.358 0.5 1.0 2.0 3.0 4.0 5.1

Urea Spht 04755 0.4830 04898  0.5015

¢C, 44.3 44.0 43.7 43.1
Thiourea Spht  0.4755 04786 04810 04845 04869  0.4885

¢C, 43.1 426 42.1 414 40.9 40.4
Acetamide Spht  0.4755 04792 04828  0.4893  0.4953  0.5002

¢C, 35.8 35.8 35.8 35.8 35.8 35.7
I,1-Dimethylurea Spht 04755 04770

¢C, 46.1
1,3-Dimethylurea Spht  0.4755 0.4760 04765 04775  0.4785  0.4796

¢Cp 43.0 43.0 43.0 43.1 43.2 433
1,3-Dimethylthiourea Spht  0.4755 04740 04728 04711 04702  0.4696

¢C, 46.3 46.4 46.5 46.8 47.2 47.4
Tetramethylurea Spht 04755 0.4748  0.4742 04732 04724  0.4714

¢C, 53.8 53.8 53.8 53.8 53.8 53.7
Tetramethylthiourea Spht  0.4755 04725 04700  0.4657  0.4619

¢C, 56.4 56.4 56.6 56.6 56.5
Water Spht  0.4755 0.4818 04880 05003 05120 05233  0.6282

Yol 213 21.2 214 214 214 214 214

culation of “excess heat capacities” of solid solutes has been
an estimation of their “intrinsic heat capacity” in solutions.
The heat capacity data for solutes in N,N-dimethylformamide
and water which we are reporting were undertaken to obtain
a comprehensive set of data from which one might better es-
timate the extent of the interaction of denaturants with both
proteins and water.

Experimental Section

Apparatus, The heat capacity measurements were made using a
calorimeter which has been described in detail.® The apparatus is
capable of detecting temperature changes of 5 X 1075 K and the av-
erage values of specific heats are probably in error by less than 0.1%.
The experiments were performed in the temperature range 297.6-
298.6 K.

Solvent. N,N-Dimethylformamide was obtained as the Certified
ACS reagent grade with the principle impurity being water. The
solvent was dried over 5-A molecular sieves for a minimum of 3 days
prior to use. Infrared spectra indicated that this treatment effectively
removed the water.

Solutes. Urea, thiourea, and acetamide were obtained either as the
Fisher Certified ACS reagent grade or Baker analyzed reagent grade.
The samples of 1,1-dimethylurea, 1,3-dimethylurea, and tetrameth-
ylthiourea were somewhat less pure and these compounds were re-
crystallized from chloroform. All solid solutes were vacuum-dried at
45 °C for 24 h before using. Tetramethylurea was obtained from
Aldrich Chemical Co. and was vacuum-distilled and dried over mo-
lecular sieves before using.

Concentrations, Solutions were prepared by weight and concen-
trations are accurate to at least 0.1%. The data are interpolated to
rounded concentrations in Tables I and I11 except in the case of slightly
soluble solutes. Values at infinite dilutions were obtained by least-
squares linear extrapolation of data below 1.0 m. Insufficient data
were available for extrapolaties to infinite dilution of 1,1-dimethylurea
in N,N-dimethylformamide and for tetramethylthiourea in water.
The value of ¢C,° for these compounds was assumed to be that ob-
tained in the dilute solution in each instance.

Results and Discussion

Denaturant Interactions. The experiments reported in this
paper were designed to separate, if possible, the effects of de-
naturants on protein-water systems. One possible role of the
denaturant is direct interaction with the protein and this pro-
cess is sometimes called “binding” of the denaturant.!2 It has
been noted that one structural requirement® for denaturing
effectiveness is the presence of an NH or NH; functional
group. This suggests that the interaction might be hydrogen

Table II. Excess Apparent Molal Heat Capacities at Infinite
Dilution in N,N-Dimethylformamide (cal deg™! mol~1)

$Cp° G $Cy°

(exptl) (intrinsic)4 (excess)
Urea 443 26.7 17.6
Thiourea 43.1 26.7 16.4
Acetamide 35.8 28.8 7.0
1,1-Dimethylurea 46.1 40.0 6.1
1,3-Dimethylurea 43.0 40.0 3.0
1,3-Dimethylthiourea 46.3 40.0 6.3
Tetramethylurea 53.8 53.8 0.0
Tetramethylthiourea 56.4 53.8 2.6
Water 21.3 17.2 4.1

a Assumed values based upon data of Figure 1.

bonding between the proton of the denaturant and the carbonyl
oxygen of the peptide group.

Another possible role of the denaturant is that of altering
the structure of the solvent. It is reasonably well established
from various types of data that alkyl groups “enhance” the
water structure about them. A few examples of different types
of measurements which support this phenomenon are heat
capacity,>19 viscosity,!! colligative properties,’213 and proton
magnetic resonance.' At least one estimate has been made of
this contribution to the excess heat capacity of alkyl-substituted
ureas in aqueous solution. Two other more direct interactions
are possible, however, between the various ureas and water.
These are those between the water protons and the urea car-
bonyl group and between the urea protons and the lone electron
pairs on the water oxygen atom. An attempt to separate all of
these interactions will be made in the remaining discussion.

Intrinsic Heat Capacities. It has been sufficiently empha-
sized™ 78 that heat capacity measurements are a powerful tool
in elucidating solvent structural changes and solute-solvent
interactions. The principal difficulty involved in making precise
calculations is in obtaining an accurate estimate of the intrinsic
heat capacity of solutes. It is recognized that the properties of
a solute in solution most nearly resemble those of a supercooled
liquid. It is also recognized that heat capacities of substances
are different in the solid and liquid phases. A few examples!?
show this difference to be quite appreciable for many sub-
stances and to be greater than a factor of 2 for water. This
observation casts some doubts on the accuracy of excess heat
capacities, which have been reported for solid solutes when the
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Table III, Specific Heat and Apparent Molal Heat Capacities in Aqueous Solutions (cal deg™!)

Thiourea 1,3-DMTU*“ TMTU? Acetamide®

m Sp ht ¢Cp Sp ht ¢Cp Sp ht ¢C, Sp ht ¢Cp
0.0 0.9983 9.3 0.9983 54.5 0.9983 0.9983 38.0
0.2295 0.9880 85.8
0.5 0.9676 12.2 0.9750 55.6 0.9881 38.0
1.0 0.9417 15.1 0.9555 56.7 0.9785 38.0
1.5 0.9205 18.2
2.0 09216 57.6 0.9610
3.0 0.8934 58.1 0.9450
3.5 0.8815 58.4
4.0 0.9310 38.2

4 1,3-Dimethylthiourea. ¢ Tetramethylthiourea. ¢ These data may be compared with those of ref 21, which was unpublished at the time

this work was performed.
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Figure 1, Molal heat capacities of some liquids (cal mol~! K~1): a, 2-
methylbutane; b, n-hexane; ¢, n-heptane; d, methyl ethyl ketone (from this
work); e, diethyl ether; f, acetone; g, ethyl acetate; h, HCN: i, hydrazine;
J» unsym dimethylhydrazine; k, trimethylhydrazine; 1, N,N-dimethyl-
formamide (from this work); m, nitromethane; n, chloroform; o, carbon
tetrachloride; p, 1,2 dibromoethane; q, trichloroethane; r, carbon disulfide;
s, dimethyl sulfide; t, methyl diethyl sulfide; u, methyl propyl sulfide; v,
methyl butyl sulfide; w, diethyl sulfide; x, ethyl mercaptan.

heat capacity of the pure solid is used as the intrinsic heat
capacity.

One method of estimating the intrinsic heat capacity of a
solute (as it exists in solution) is to note the values which have
been reported for liquid substances at 25 °C. A rather extensive
list of these is readily available!® and C, values have been
plotted as a function of the number of atoms per molecule in
Figure 1. None of these liquids are hydrogen bonded and the
heat capacities will represent primarily London and dipole
forces. It will be noted that with the exception of the hydro-
carbons which fall below the line and the halogenated hydro-
carbons which lie above the line, the heat capacities of the re-
mainder of the compounds of C, H, O, S, and N vary almost
linearly with the atomicity. The average deviation from a
smooth curve is less than £1 cal mol~! deg™!. An additional
check on the validity of using these approximations is the
agreement between the heat capacity values obtained for these
solutes in solutions where the solute-solvent and solvent-sol-
vent interactions are similar and the values for the pure liquids.
This method of estimation, although consistent, is admittedly
not exact. Nevertheless, large deviations of the heat capacities
of the solutes of this paper from such calculated “intrinsic”
values should represent interaction with or alteration of the
solvent.

Denaturant-Peptide Interactions. The experimentally de-
termined specific heat data and calculated apparent heat ca-
pacities, C,, in N.N-dimethylformamide as solvent, appear
in Table I. This solvent is convenient as a model containing the
protein peptide linkage since (1) it is a liquid and (2) there is
no proton available to interact with the denaturant carbonyl
group. Excess apparent molal heat capacities, ¢C,° — C,
(intrinsic), are calculated in Table 11 for the solutes in the
amide solvent. It would be expected that the tetramethyl
compounds would exhibit an apparent heat capacity in solution
equal to their intrinsic heat capacity, so it is probable that the
calculation of an excess heat capacity for tetramethylthiourea
means that too low a value was assumed for its intrinsic heat
capacity. The fact that C, (excess) is larger for 1,3-dimethy-
thiourea than for 1,3-dimethylurea indicates that possibly a
slightly larger intrinsic value should be assumed for all of the
thio compounds. This adjustment to the values obtained from
using as standards the compounds in Figure | may be ration-
alized by observing that CS,, which contains the C==S group,
has a heat capacity which places it above the smooth curve,
while the other thio compounds fall almost directly on it. It is
felt, however, that a more consistent view is obtained by using
the “average” intrinsic heat capacity values which appear in
Tables IT and IV without making any arbitrary adjustments.
The largest excess heat capacities are for these compounds
containing an NH; group and the order is urea > thiourea >
acetamide > 1,1-dimethylurea. This is the expected order when
one considers the electron donating character of the methyl
group. The values of C,, (excess) are smaller for those com-
pounds containing NH groups and the value for water lies
between that of the NH; compounds and the NH com-
pounds.

Denaturant-Water Interactions. The denaturant-water
systems are much more complicated because of the large
number of possible interactions. The NH and NH; groups of
the denaturants may hydrogen bond to the water; the water
protons may hydrogen bond to the carbonyl group of the de-
naturant; there is ample evidence37'0-14 that alkyl groups
“enhance” the water structure; and finally in the case of the
thioureas there is the possibility of the C==S group interacting
with the solvent in some fashion. We have attempted to sort
out the various effects by comparing the apparent heat ca-
pacities of seven ureas and thioureas and acetamide in aqueous
solutions. This, in effect, permits one to evaluate the individual
contributions of the five functional groups. An exact agreement
between experimental heat capacities and those calculated
from group contributions would not be expected, since the
different neighboring groups in each compound will alter to
some extent the interaction of a given group with the solvent.
Hopefully, however, a qualitative answer should emerge. It
may be noted that all of the oxygen-containing compounds
have the ~-C(=0)N< arrangement, which is unique to the
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Table IV, Excess Molal Heat Capacities at Infinite Dilution in Aqueous Solutions (cal deg™! mol™!)

Gy ¢C,° (excess)

Solute ¢Cp° (intrinsic)¢ Exptl Calcd?
Urea 20.9¢ 26.7 =58 -5.8
Thiourea 9.3 26.7 —-17.4 -17.2
Acetamide 38.0 28.8 9.2 9.2
1,1-Dimethylurea 59.26 40.0 19.2 19.3
1,3-Dimethylurea 65.6% 40.0 25.6 25.6
1,3-Dimethylthiourea 54.5 40.0 14.5 14.2
Tetramethylurea 103.96 53.8 50.1 44.2
Tetramethylthiourea 85.5 53.8 32.0 32.8
Water 18.0 17.2 0.8

a [¢C, — ¢C,, (intrinsic)]. b Data from ref 7. ¢ Assumed values based upon data of Figure 1.

Table V, Group Contributions to Excess Molal Heat Capacities
at Infinite Dilution in Aqueous Solutions

¢C,° (excess),

Group cal deg=! mol~!
C=0 4.2
NH; -5.0
C=S -7.2
NH 1.5
CH3; 10.0

ureas and peptides, and it is felt that the carbony! groups of
esters, ketones, etc. and the ~-NH; or >NH groups of amines
cannot be meaningfully compared with those of these com-
pounds because of the absence of resonance possibilities such
as ~-C(—O7)=N+*<L,

The experimentally measured specific heat data and the
calculated apparent heat capacities are given in Table 111
Excess molal heat capacities are tabulated in Table V. One
may observe from an inspection of the data that the apparent
molal heat capacities of urea and thiourea are less than the
intrinsic values. This reminds one of the behavior of the simple
electrolytes and in the case of thiourea the value of C, (excess)
of —~17.4 cal deg~! mol~! is approaching? that of LiCl or NaCl.
This observation appears to substantiate the “‘structure
breaking” effect of urea and thiourea in that the solutions of
these substances contain fewer or weaker hydrogen bonds than
does pure water. Group contributions to excess heat capacities
which appear in Table V were calculated in the following
manner. Urea, 1,1-dimethylurea, and acetamide were used to
evaluate the ~-CH3, C=0, and NH group contributions. An
average value for C=0O minus C=S contributions was ob-
tained from the differences in excess heat capacities of urea
and thiourea and of the 1,3-dimethyl-substituted compounds,
The average value of the NH contribution was obtained by the
subtractions of the known group contributions from the total
excess heat capacities of 1,3-dimethylurea and 1,3-dimethyl-
thiourea. These data indicate that both the NH, and C=S
groups are structure breaking. The peptide carbonyl group,
which is similar to the urea group, is a strong hydrogen bond
acceptor!” and it is not surprising that it would make a positive
contribution to the heat capacity of the system. The positive
contribution of the methyl group is, of course, expect-
ed.5.10-14

The negative contribution of the NH; group to the heat
capacity of the system is perhaps the most surprising result
which was obtained. The data in dimethylformamide as a
solvent indicated that this group bonds more strongly than the
water protons to the amide carbonyl group and one would ex-
pect the same order of bonding strengths to the water oxygen
electron pairs and thus a positive contribution. One must
consider though the short-range order in pure water, in which

many water molecules are hydrogen bonded in a tetrahedral
arrangement. It may be possible that the strength of the
NH,--OH, bonds causes a reorientation of the water molecules
in the vicinity of the urea molecule, which results in fewer
OH,---OH, hydrogen bonds; thus a net negative contribution
to the heat capacity of the system.

Summary

The question which one might ask at this point concerns the
manner in which the interactions which have been elucidated
are related to the denaturation process. These data substantiate
the previous observations that urea (and also thiourea) are
solvent structure breakers. The magnitude of this effect is less,
however, than nondenaturing salts such as lithium or sodium
chloride. The alkyl-substituted ureas are, in fact, structure
makers. The effect of the ureas on the solvent appears not to
be the most important aspect of denaturation.

These preliminary data involving the ureas and dimethyl-
formamide indicate that the NH; groups of ureas interact more
strongly with the peptide carbonyl group than do the protons
of water. The interaction of the NH groups is, on the other
hand, weaker than that of the NH, protons and certainly no
stronger than that of the OH; protons. This observation is in
agreement with the many studies of denaturant “binding” by
proteins. It also points out the erroneous conclusion which has
been drawn from the often quoted work of Klotz and Fran-
zen,'® who showed that water-carbonyl bonding in an aqueous
solution of V-methylacetamide was considerably stronger than
the interpeptide bonds. All data are, on the other hand, con-
sistent with the relative hydrogen bonding strengths to a pep-
tide carbonyl group in the order urea > water > peptide NH.
The importance of this point is such that it should be verified
by other types of direct measurements.

It appears from an inspection of all of the pertinent data that
the denaturation process may be of two types. For those pro-
teins for which urea is a more effective denaturant than the
alkyl-substituted ureas,” the most important effect is the
“binding” of the urea!*? by an interaction between the protein
carbonyl group and the urea NH; group. In other instances
where the alkyl-substituted ureas are the more effective den-
aturants!®20 the most important interaction is between the
protein and the hydrophobic alkyl groups. Further evidence
for the importance of the hydrophobic effect is the denatura-
tion of these same proteins by alcohols and glycols of appre-
ciable hydrocarbon content.!?
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Abstract; A methodology to analyze the conformational properties of molecular systems in terms of local energy contributions
is presented. The energy partitioning proposed here is based on a theoretical additive expansion in terms of one-bond, two-
bond, three-bond, etc., contributions. The additive structure of the energy is built using fully localized bond MO’s and a pertur-
bation expansion. This methodology has been applied to the study of internal rotation barriers of the following molecular se-
ries: CH3XH,, CH3;XH,-;CH; (X = C,N,0), and X3B-NY; (X,Y = H,F). The energy analysis is made in terms of one-,
two-, and three-body contributions at the zeroth-, second-, and third-order perturbative corrections within the PCILO-CNDO
scheme. The role of vicinal, geminal, and long-range interactions (third-neighbor bonds) is considered, the transferability of
similar contributions from one series to the other, and the effects of substitutions. Our method confirms directly the important
role of the delocalization tails, but also the nonnegligible role of the zeroth-order repulsive effects and intramolecular van der

Waals dispersion energies.

The conformational properties and especially the internal
rotation barriers represent a very good test of the accuracy of
quantum chemical methods, since they concern changes of a
few kilocalories per mole in a total energy of 105 to 107 kcal/
mol. A theoretical approach such as the Hartree-Fock ap-
proximation provides the accurate values for the internal
rotation barriers in numerous molecules;? the barrier is cal-
culated by subtracting the total energies evaluated for each
appropriate conformation of the molecule, but this procedure
itself provides no information about the origin of the bar-
rier.

The explanation of the sources of such barriers is a very in-
teresting problem. In the past many different theoretical ap-
proaches have been carried out. Among them, Lowe? quali-
tatively explained the barriers about single bonds, comparing
the results obtained with the following type of approaches: i.e.,
(1) using a decomposition of the total energy change with
rotation into nonlocal physical components,* (2) using delo-
calized or canonical molecular orbitals, and (3) using localized
MO’s.

Approach 1 presents the following serious defects: (a) the
qualitative description of a barrier (as repulsive or attractive
dominant) can change depending on whether the calculation
is carried out in the rigid-rotor or the geometry-optimized
approximation,>® and (b) for two calculations based on iden-
tical geometries, the use of different basis sets can change a

calculated barrier from attractive to repulsive dominant.*-7
Moreover, this approach does not allow a direct relation with
the local geometry changes of the nuclear skeleton, With re-
spect to approach 2, the delocalized nature of the canonical
Hartree-Fock orbitals does not allow us to analyze the phe-
nomena explicitly in terms of bonds or atomic interactions.
Hence, we think that a local analysis in terms of local contri-
butions is more promising; it may refer to atoms or to
bonds.

The expression of the Hartree-Fock energy in the LCAO
approximation allows a partition in one-, two-, three-, and
four-atom terms; it is reduced to one- and two-atom contri-
butions in the CNDO approximation.® Section IA briefly re-
calls this partition and illustrates its limitations in the analysis
of a few energy conformational changes.’-1! The important
contributions to the energy changes sometimes concern mon-
atomic or diatomic contributions between atoms whose relative
positions are unchanged during the conformational change.
Such contributions may come from some changes in the density
matrix which are not explained.

In section IB, one considers the analysis of SCF results, re-
ferring to bonds (use of bond-like SCF localized MO’s'?). This
methodology gives very interesting information about the local
origin of the barriers, showing the dominant role of the tails
of the SCF-MO’s on vicinal groups, as well as the important
role of the monoelectronic part of the CNDO (or INDO)
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