Bull. Chem. Soc. Jpn., 69, 853 — 860 (1996) 853

Headline Articles

Attractive Potential Effect on the Rotational Correlation Times

for Benzene-dg in Organic Solvents

Chihiro Wakai and Masaru Nakahara*

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611

(Received December 7, 1995)

“HNMR spin-lattice relaxation times have been measured to obtain the rotational correlation times 7y for benzene
CsDg (50 mol m_3) in various organic solvents, such as benzene (C¢Hs), hexane, decane, carbon tetrachloride, chloroform,
dichloromethane, methanol, ethanol, 1-propanol, 1-butanol, and acetonitrile over the widest possible range of temperature.
Plots of the determined values of g against solvent viscosity 7 divided by temperature T are linear in the apolar and polar
aprotic solvents, as predicted by the Stokes-Einstein—Debye (SED) law. However, the plots of »r vs. 7/T in the alcohols
are concave upward, the slope in the high temperature region being ca. 2 times as large as that in the low temperature
region. The nonlinearity and the decrease in the slope reflect the influence of the hydrogen-bonded solvent structure. For
the benzene rotation in solutions, fairly good positive linear correlations are found between the slopes and the negative
dissolution enthalpies at infinite dilution at room temperature. These results indicate an important role played by attractive
solute—solvent interactions in controlling the molecular rotation in solution.

NMR spectroscopic studies can reveal a wealth of infor-
mation about the rotational and translational mobilities 1/
or friction coefficients { for constituent molecules in liquids.
Such knowledge is needed for an understanding of fast pho-
tochemical reaction dynamics in solution at the Brownian
motion level." In the past decades, however, most dynamic
NMR investigations have been confined to neat liquids or
concentrated solutions with a linkage to the fundamental
study of rate processes in solution.>™ The recent advance
in NMR techniques has enabled us to measure very dilute
solutions over a wide range of temperature and pressure
in relation to solvation dynamics in the ground state.’—'»
The purpose of this paper is to clarify how the NMR cor-
relation time mg or the corresponding friction coefficient
{r for molecular rotation in solution is affected by the ki-
netic (collisional) and intermolecular attractive and repulsive
potential factors involved in the time correlation function
through the Hamiltonian. Only the repulsive solute—sol-
vent interactions are taken into account on the macroscopic
level, through the exclusion volume effect in the classical
hydrodynamic model on which the Stokes—Einstein-Debye
(SED) law is based. To encourage the development of a
useful molecular theory for rotation of apolar molecules in
dense liquid solutions, we want to accumulate experimental
evidence for the necessity of considering the attractive in-
termolecular interactions as well as the repulsive ones. The
rotational dynamics of such a symmetric molecule as ben-

zene can be probed by the NMR method, but not by the
dielectric one.

There are some practical reasons why we still rely upon the
classical hydrodynamic law based on the continuum model.
This primitive model neglects all the details of solute~sol-
vent interactions and solvation structure in the short range;
the molecular aspects are squeezed into the cavity or sphere
boundary conditions for the solution to the Navier—Stokes
equation of motion. The continuum mechanical approach
coupled with the diffusion equations provides us simple an-
alytical expressions for solution transport properties with an
input of only a few solute and solvent parameters.'® They
are popular simply because the accessible rotational (SED)
and translational (SE) transport properties for neat liquids
can be converted into those necessary for the kinetic analysis
of solutions of interest only in terms of solute size and bulk
solvent viscosity, without the direct measurement.

The conventional hydrodynamic approach is however to
be scrutinized before its application to an analysis of reaction
dynamics in solution. Thus, it is nontrivial to test the validity
for the apolar molecule of the SED law expressed by

- =A¥, o)
where 77 is the solvent viscosity, T is the temperature, and
A is the hydrodynamic parameter characteristic of the solute
size and the boundary conditions. For a hard spherical solute
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that interacts with the solvent via stick boundary conditions,
the slope parameter for the isotropic rotation (IR), denoted
by AR, is expressed by

47R?
AR _ 4TR )
ST 3 2
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= E7 (3)

where kg is the Boltzmann constant, and R and V,, are re-
spectively the radius and the molecular volume of the solute.
For a hard prolate or oblate ellipsoid with slip boundary
conditions, a smaller parameter is used, depending on the
shape factor.'¥ When the solute species is fixed as in this
~work, Eq. 2 predicts that the slope parameter is independent
of solvent. Apart from the original meaning of the SED
law, however, we can empirically regard the parameter as a
measure of the effective volume that reflects the strength of
solute—solvent interactions as well as the exclusion volume
of the solute.®”

Our question is when and why Eq. 1 breaks down. To
answer this, we need to carry out systematic experiments
by selectively varying solute or solvent, temperature, and
pressure. One may expect that the SED law is applicable
to typical regular solutions formed by benzene with toluene,
carbon tetrachloride, and cyclohexane, in which component
dissimilarity in interaction is relatively weak. We have first
derived a dynamical regular solution theory on the basis of
the linear response and first-order perturbation theories, and
then examined the applicability of the SED law for the in-
terpretation of the concentration effect on the rotations of
benzene (more precisely, of the C—D bonds) and solution
viscosities in the typical regular solutions which are formed
by the thermodynamically similar liquids."» Notably, the re-
lation between g and 7/T has been found not to be linear in
benzene—cyclohexane, which is the most endothermic regu-
lar solution investigated.

In the present work, we extend this fundamental test with
respect to solvent and temperature effects using a variety of
organic solvents including protic and aprotic dipolar ones that
yield strongly irregular solutions with benzene. To confirm a
key role played by solute—solvent intermolecular interaction
potentials in determining molecular rotation, here we scruti-
nize whether the effective hydrodynamic volume parameters
for benzene in the organic solvents studied are correlated
with the endothermic and exothermic dissolution enthalpies
at infinite dilution available in the literature.'®

For a test of the continuum model, the rotational mode is
preferable to the translational one because of the short range
nature of rotation.*'” In our previous studies,” " we have
done comprehensive experiments on water molecules in ap-
olar and polar organic solvents to test the SED law and the
modified forms. The zr values for solitary water molecules
do not follow Eq. 1, but exhibit somehow inverse propor-
tionality to the solvent viscosity. This may be characteristic
of water molecules which are: (i) unusually small in size,
moment of inertia, and mass, and (ii) able to form strong and
directional hydrogen bonds with proton donors and accep-
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tors. The former and the latter are respectively associated
with the kinetic and attractive potential factors influencing
the rotational time correlation functions. The solute studied
in the present work is uncharged, apolar, and larger in size,
so that one may expect a more successful applicability of the
SED law extended as mentioned above.

In the previous studies on ionic rotation in solution,
we have focused on the dielectric friction theory where the
dynamical attractive solute-solvent interactions are incorpo-
rated through the Coulomb- or Born-type expression within
the continuum framework.?*?Y Here we are concerned with
neutral and apolar solute benzene. Its rotational motions
are expected to be influenced not by the long-ranged di-
electric frictional torques but more locally by such site—site
interactions as dipole-induced dipole and hydrogen-bonding
ones. Recent theoretical efforts are directed to develop the
harmonic mode kinetic theory for hard particle fluids mim-
icking soft particle fluids to reproduce the SED behavior.??
This also motivates the present study on the apolar solute.

18,19)

Theoretical

A reliable interpretation of the NMR relaxation data re-
quires a proper understanding of the theoretical aspects and
physical meaning of the magnetic relaxation, the spectral
density, the rotational correlation time, the relevant friction
coefficient, and so on. First, we introduce the essential theo-
retical backgrounds of the quadrupole relaxation for a sym-
metric top like benzene in solution.*?* Second, we compute
the slope value A in Eq. 1 on the basis of the classical hydro-
dynamics together with the rotational diffusion equation.

Correlation Time g for the Symmetric Top. For
the nuclear spin />1, the magnetic relaxation mechanism is
dominated by the fluctuating interactions between an elec-
tric nuclear quadrupole moment (eQ) and the electric field
gradient (EFG) at the nuclear site; e is the protonic charge.
The mechanism is exclusively intramolecular and related to
molecular rotation. In this case, we can ignore such other
mechanisms as the dipole—dipole, chemical shift anisotropy,
spin-rotation, and scalar coupling.

In the NMR relaxation study, the relatively small magnetic
moment together with the central limit theorem allows us to
treat a single spin instead of the macroscopic magnetization
observed. The longitudinal (spin-lattice) relaxation of the
z-component of the macroscopic magnetization is related to
the ensemble-averaged behavior of a single spin whose z-
component is I,; the z axis of our laboratory-fixed frame is
defined by the vertically applied static magnetic field. The
quantum mechanical expression for the time evolution of the
ensemble-averaged spin (I,) is given as follows:

d(r) 2meQ %y, 3
dt _—3{m} {ian)(161° 811+ DI +2L,)
+(2a0)(—16L° + 161U+ DL —8L) }, (4
where
(L) = tr(pl), (5)
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j@r=3 [~ (7 OF®) exp(—ianar ©)

Here, h is the Planck constant, j(w) is the spectral density at
the frequency @, ay is the Larmor frequency, p is the density
operator, (F*(0)F(¢)) is the ensemble average of the time
correlation function representing the orientational decay, and
the other symbols have the usual meaning. '

For the case of deuterons (/=1), it holds that I,>=I,. Hence
Eq. 4 is simplified as

a1
=), ™
where
1 _6x’ 20+3  (eQ
3= (L) e rgea). ®

The spectral density function involved in the above equa-
tion takes an explicit form only when an analytically soluble
model is introduced for the random orientational motion. For
an axially symmetric molecule, the inertial theory based on
the Langevin equation®? yields the following expression:

2 | Beos* a —1°Dy 1+6IJ-DJ-
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Here & is the asymmetric factor of EFG in the plain perpen-
dicular to the direction of the largest principal EFG denoted
by eq, a is the angle between the molecular symmetry axis
(Ce) and the direction of g along the C—D bond, and D;,
¢;, and I; are respectively the i-components of the rotational
diffusion, the friction coefficient, and the moment of inertia;
1 and || indicate the molecular rotations perpendicular and
parallel to the symmetry axis, respectively. The rotational
diffusion coefficient D; and the rotational friction coefficient
g; are related by

D; =ksT/ &, 10)

where the subscript “R” for rotation is abbreviated for sim-
plicity.

In the Debye diffusion limit (I’s—0), the inertial terms in
the last factor in the numerator of each term in the curl brack-
ets on the right-hand side of Eq. 9 drop; a Lorentzian function
recovers from each term. Moreover, the extreme narrowing
conditions are satisfied in usual solvents where molecular
rotations are much faster than the resonance frequency w.
This approximation removes the frequency dependence of
the spectral densities; that is to say,

JO)=j(@) =jQw). an
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Combining Egs. 8, 9, and 11 and neglecting the asymmetric
factor, for I=1, we have

1 , 2I+3 eQ)Z.

— = (= 12
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This is to be compared with the usual expression for the
quadrupole spin-lattice relaxation rate for /=1 given by

1 3% (&0q)°
FfT(eth) DR, (14)

Here, the parenthesized quantity is the quadrupole coupling
constant (QCC) for the ?H nucleus, and the rotational cor-
relation time for the C—D bond, which is to be denoted by
»r(C-D), is presented simply by »r. From Egs. 12, 13, and
14, we have

15
TR = (eq)zj( ) 15)
_3 (3COS 0:—1)2
- 2 36D,
s 2 2 s 4
+s1n & COS a+ sin’ a (16)
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In the case of benzene-dg, the angle o between the molec-
ular symmetry axis and the direction of the C-D bond is /2,
so we have

3 1 1
mR=g (5137 ¥ m) : an
For the isotropic rotation, Eq. 17 is reduced to
r_ 1 1 1
7k = 6D. 6D 6DR’ (18

where the superscript “IR” indicates isotropic rotation. In-
troduce a parameter y to gauge the rotational anisotropy as

D
z==L 19
D,

With the help of the definitions by Eqs. 18 and 19, we can
rewrite Eq. 17 as
TR =f R, 0)

where

f=%<1+ 1+92x>' @1

It is to be noted that the f value is lower and upper bounded
as
0.25 <f <25. (22)

The lower and upper bounds may be provided by infinitely
thin oblate (y=00) and long prolate tops (y=0), respectively.
The two extreme cases are associated with the slip boundary
conditions.
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Slope of the Relation between »g and 7/T. A hy-
drodynamic model® may be applied for a symmetric top to
evaluate y. Under stick boundary conditions, we have

Dy _ &

= 23
D, g (23)
v (2a* —b*)S —2a
a2+ { 2a—b2S ’ @9
where
_ 2 . (b2 _ a2)l/2
S—mtﬁﬂ {——T—*— , b>a. 25)

Here, a and b are the lengths of the shorter and longer axes,
respectively, and for benzene,

a=0.170 nm, b =0.360 nm. (26)

From Eqgs. 19, 23, 24, 25, and 26 it follows that

&L 808
1=% =g =15 @7

Insertion of this anisotropy into Eq. 21 provides us

7or = 0.893 735 (28)
For slip, y=o0c and it follows that

7r = 0.2570g.

A x value of 1.55 is recently reported from the NMR
experiment,?® and this results in

Tr = 0.799 5. (29)

Thus a change of 20% in y causes only a change of 10%
in the ratio of g to 7ik. The ratio is not so sensitive to
because f'is not a proportional function of y in Eq. 21.

In Eq. 20, the hydrodynamic boundary conditions (stick
or slip) influence 7} as well as f. Comparing Eqs. 1 and 20,
on the diffusion level, we have

r2R=A%, (30)
where ) 0
P 1 7z IR.
A 4< +1+21)A G1)

In the present study, we use Eq. 30 to discuss the effect of
solvent and temperature on the NMR rotational correlation
time for the C—D bonds of benzene in solution. The exper-
imentally determined hydrodynamic slope A is regarded as
a measure reflecting the strength of attractive solute—solvent
interactions, as well as the exclusion volume of the solute.
The boundary conditions involved in Eq. 30 are assumed to
be independent of temperature and pressure.””

Experimental

Materials. Hexane, decane, carbon tetrachloride, chloroform,
dichloromethane, methanol, ethanol, 1-propanol, 1-butanol, and
acetonitrile were organic solvents of spectro-grade obtained from
Nacalai and dried for several days before use by molecular sieves
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(3A or 4A, Nacalai); they were filtered if necessary. Benzene-ds
was used as received from CEA. The solutions of benzene-ds at 50
mM (M=mol dm ™) were prepared by weight.

Apparatus and Procedure. The *H spin-lattice relaxation
times 77 for benzene-d¢ were measured with JEOL EX-270WB
(wide bore type) spectrometer at 41 MHz. The superconductor
magnet bore is wide enough to accommodate a sample tube of 10
mm diameter which is useful for detecting the weak signal of ben-
zene-ds at a low concentration of 50 mM. *H-T; was measured
by the inversion-recovery method, which has a [m—#-7/2], pulse
sequence. The largest delay time ¢ was longer than 7T; and the
number of delay time n was 20. The free induction decay signals
were integrated 2 times. The signal-to-noise ratios were ca. 140.
The uncertainty of temperature was +0.1 °C.

Experimental Results

To clarify the general features of the solvent and tempera-
ture effects on the rotational motions of a benzene molecule
in solution, we have measured the >H spin-lattice relaxation
times T at 50 mM in various solvents over a wide range of
temperature. By means of the measurement over a wide tem-
perature range, from the freezing point to the boiling point,
we can discuss the solvent or solvation structure effect on
7r. The solutions studied are so dilute that solute—solute
interactions can be ignored and that the results obtained can
be regarded as the limiting values at infinite dilution. The
relaxation times measured are converted to the rotational
correlation times g through Eq. 14 using the QCC value
of 193 kHz along the C-D bond axis.'® The rotational mo-
tions of benzene in solutions have been explored at rather
high concentrations by NMR,*® Raman,” and some other
methods.? The solvent dependence of the Raman data is in
fairly good agreement with that of the present NMR data in
view of the differences in concentration and temperature.

In Table 1, the 7R values for C¢Dg in C¢Dg and CgHg are
listed for comparison. A small solvent isotope effect on the
benzene rotation exists beyond the experimental uncertain-
ties. The rotational correlation time in neat benzene-dg is
longer by 3—6% than that in normal benzene. The solvent
isotope effect can be ascribed to the difference in viscosity
between the solvent isotopes; the viscosity of C¢Dg is re-
ported to be 6.7% larger than that of C¢Hg.*” This difference
can be ascribed to the difference in the square root of the

Table 1. The Rotational Correlation Times g for CsDg in
CgHg and CgDs as a Function of Temperature
CsDs CsDs
CsHg CsDs
T/OC ‘KZR/pS ‘L’zR/pS
5 1.53 +0.00 1.57 +0.01
10 1.42 +0.01 1.51 +0.01
20 1.28 +0.01 1.33 +£0.00
30 1.15 £0.01 1.19 +0.02
40 1.05 £0.00 1.09 +0.01
50 0.9734+0.004 1.03 £0.00
60 0.913+£0.012 0.9684-0.002
70 0.870+0.000 0.952+0.017
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molecular masses or moments of inertia.*" In contrast to hy-
drogen bonded liquid water, no decrease of the isotope effect
with increasing temperature is observed in non-hydrogen-
bonded benzene.

The 15g values determined in polar and apolar solvents are
summarized in Tables 2, 3, and 4. When solvent viscosity
is varied with temperature or solvent species, the correlation
times increase with increasing solvent viscosity, as predicted
by the SED law. The problem is whether the relation is linear
and independent of solvent polarity and structure or not.

In Fig. 1, the Ry values are plotted against solvent vis-
cosities 7°2 at 30 °C. If the original SED law like Eq. 1 were
valid, the ;R values would be expected to degenerate into a
single straight line because the solute is fixed in this study.
On the contrary, the plots generate the three separate lines
which are composed of polar, apolar, and alcohol solvent
groups. The plots look like a folding fan with three ribs.
The largest slope is provided by the aprotic polar solvent

Table 2. The Rotational Correlation Times g for C¢Dg in
Alcohols and Acetonitrile as a Function of Temperature®

CsDs CsDs CsDs CsDg CsDs
CH;0H C;Hs0H n-C3H;,O0H n-C4HoOH CH;CN
T/°C mr/ps Tr/ps TR/ PS Tr/pS TR/DS
—40 2.20 3.02 5.31 7.58 2.21
-30 1.89 2.51 4.07 5.36 1.96
-20 1.60 2.09 3.14 4.00 1.72
—10 142 1.79 2.54 3.12 1.50
0 130 1.54 2.08 2.50 1.37
10 1.16 1.39 1.79 2.09 1.22
20 1.05 1.25 1.56 1.77 1.15
30 0978 1.12 1.38 1.55 1.05
40 0.899 1.04 1.20 1.35 0.973
50 0.860 0.952 1.09 1.21 0.950
60 0.841 0.903 1.01 1.09 —
70 = 0.842 0.938 101 —

a) Urcertainties are +2%. b) Boiling point is 64.7 °C.

Table 3. The Rotational Correlation Times mr for C¢Dg in
CH,Cly—n (n=0,1,2) as a Function of Temperaturea)
C6D6 C5D6 C6D6
CH.Cl, CHCl3 CCly
T/°C TR /PS TRr/PS Tr/PS
—40 2.92 4.14 —
-30 2.51 3.48 -
-20 2.21 2.99 2.55
—-10 1.96 2.58 2.21
0 1.76 2.22 1.95
10 1.58 2.00 1.73
20 1.42 1.81 1.56
30 1.30 1.60 1.41
40 —9 1.45 1.28
50 — 1.34 1.20
60 — 1.27 1.14

a) Uncertainties are +1%.
¢) Boiling point is 40.2 °C.

b) Freezing point is —28.6 °C.
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Table 4. The Rotational Correlation Times zr for CsDs in
n-CsH4 and n-C1oHy, as a Function of Temperature®

CsDg CsDs
n-CsHig n-CioHnn
T/°C TR/ PS R /PS
—40 1.75 —
-30 1.52 3.25
—-20 1.36 2.56
—10 1.22 2.11
0 1.11 1.80
10 1.01 1.55
20 0.948 1.38
30 0.853 1.23
40 0.826 1.10
50 0.797 1.01
60 — 0.930
70 — 0.876
80 — 0.837
90 — 0.772
100 — 0.734

a) Uncertainties are £1%. b) Freezing point is —29.7 °C.

¢) Boiling point is 68.7 °C.
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Fig. 1. Plots of the rotational correlation times for CgDs

in solutions against solvent viscosities (77 in P=0.1 St) at
30 °C. 1, CHsCN; 2, CH,Cly; 3, CHCls; 4, n-CsHuss 5,
C¢Hg; 6, n-CioHaz; 7, CCls; 8, CH30H; 9, C;HsOH; 10, n-
C3H,0H; 11, n-C4HoOH.

group and the smallest by the alcohol homologue. For the
hydrocarbon homologue with the medium slope in Fig. 1, the
difference in the chain length does not lift up the degeneracy.
This is conceivable because solute benzene is solvated by
the chain segments which are in vigorous and cooperative
motions.

The largest slope can be interpreted in terms of the attrac-
tive dipole-induced dipole interactions between the solute
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and solvent. The smallest slope indicates that the apolar
benzene molecule is solvated preferentially by the apolar tail
part of the alcohols due to the similarity in the interaction
nature. The bulk viscosity of the alcohols is dominated by
the hydrogen-bonding interactions between the OH groups,
so that the viscosity is much larger than that of the corre-
sponding hydrocarbon. The viscosity shift toward a higher
value due to the hydrogen bonds results in a smaller slope of
the g vs. 7 relation, as seen in Fig. 1.

Discussion

Slopes of ng vs. 77/T Plots. In this section, we focus on
the temperature effect on the rotational correlation times for
benzene in polar and apolar solvents. In Fig. 2, the »r values
in CH,,Cl4_, (n=0, 1, 2) and some others are plotted against
n/T ; 7 is the solvent viscosity,”” and T is the temperature.
Each plot is linear with a different slope. The slope values
summarized in Table 1 are in the order:

CHCl; > CHxCl, > CH3CN > CCly = CeHs. (32)

This sequence can be understood by considering the polarity
and structure of the solvents, i.e., the difference in inter-
actions between solvent—solvent and solute—solvent. Inter-
actions between chloroform molecules are not very strong,
as seen from the high volatility and relatively low boiling
point, whereas -chloroform is a weak proton donor to ben-
zene. The reason why the slope in acetonitrile is smaller
than that in dichloromethane, despite the larger molecular
dipole moment is that the antiparalle]l pairing of the highly
polar molecules occurs in the liquid structure® and that the
inert benzene dissolved cannot break the dipolar associa-
tion. Carbon tetrachloride is as inert as benzene because of

1 | 1 1 1

5 B
—o— in CHCl,
~&— in CH,Cl,

4 |-0-inCH,CN <O B
-~ in CCl, /
—e— in CgHy &

3 O -
g a
2 %
e 2 Q’Q .
&
14 L
0—
T T T T T
0 2 4 6 8
/T (10° P/K)
Fig. 2. Plots of the rotational correlation times for CsDg in

CHCl;, CH,Cl,, CCly, CH3CN, and CsHg against solvent
viscosities divided by temperature.
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1 1 1 1 1 1
—A—in n'C6H14
—0—in CgHg
-0~in n-CyoHy,
-e—in CH,OH
6l ~in C,H,0H
—A—in n-C;H,OH
-m—in n-C,H,OH

~
&, 1 i
< 4] L
&
L o -
2+ _
T T
0 0 2 4 |
T T T T T
0 20 40 60 80 100
-5
n/T 107 PK)
Fig. 3. Plots of the rotational correlation times for C¢Ds in

n—C5H14, C6H5, n-Cmsz, CHgoH, CszOH, n-C3H7OH,
and n-C4HyOH against solvent viscosities divided by tem-
perature. The left bottom portions of the crowded plots are
expanded and given as an inset.

the absence of the molecular dipole moment. Such a weak
solvation has been found also in the dynamics of solitary
water molecules in these apolar solvents. Thus, the slope
sequence, Eq. 32, indicates a key role played by attractive
solute—solvent and solvent—solvent interactions.

As shown in Fig. 3, mr—7/T plots are linear in the apo-
lar hydrocarbon solvents, whereas those in such alcohols as
methanol, ethanol, 1-propanol, and 1-butanol are concave up-
ward. In the nonlinear case, the slope in the low temperature
region is about one half of that in the high temperature (low
viscosity) region. The temperature effect observed suggests
that the apolar solute molecule prefers the apolar portion of
the “amphiphilic” solvent molecule to the polar hydroxyl
moiety, in particular at low temperatures. This idea coin-
cides with the conclusion reached above from the solvent
effect study. The hydrogen-bonded structure in the alcohols
develops more at lower temperatures, so the enhanced hy-
drogen bonding structure of the solvent alcohols increases
their viscosity. However, it provides a much weaker in-
fluence on the solute benzene reorientation because of the
preferential solvation by the apolar moieties. As a result of
the temperature-induced loosening of the hydrogen bonding -
structure, on the other hand, the probability of finding the
interactions between the apolar solute and the polar portion
of solvent becomes larger at higher temperatures because of
the more random solvent orientations. The longer the alkyl
chain of the alcohols, the smaller the hydrodynamic slope.
This is reasonable because the increase in the chain length
corresponds to a decrease in temperature. It is to be noted
that when the viscosity exponent, defined by Oln 7g/01n 7 or
Oln 15r/0In (n/T), is considered for the viscosity dependence
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of the rotational correlation times for benzene in the alco-
hols, the exponent values become considerably smaller than
unity (the hydrodynamic value). This must be taken into ac-
count in the study of dynamic solvent effect on the reaction
dynamics in such “amphiphilic” solvents as alcohols.

The anomalous decrease in the slope with decreasing tem-
perature appears only in the case that the interaction between
solute and solvent is weaker than that between solvents. In
fact, such temperature dependence has been found also for
the benzene rotation in the hydrophobic hydration shell in
water.'”® The hydrogen-bonded networks are confirmed to
be promoted by the presence of the apolar solute benzene,
in particular at low temperatures. The decreasing tendency
of the slope with decreasing temperature is observed also
in the case of hydrophobic hydration in a much narrower
range of viscosity; note the two orders of magnitude varia-

" tion of the viscosity for the alcohols in Fig. 3. The solvent
structural effect on the hydrodynamic slope for benzene is
more remarkable in water which is more strongly hydrogen-
bonded than alcohols. The hydrodynamic slope for the NMR
rotational correlation time for water in the hydrophobic hy-
dration shell of benzene as well as in the bulk increases with
decreasing temperature as a result of the development of the
hydrogen bonds between “solute” and solvent.'"” The con-
trast between the two cases indicates the importance of the
difference or similarity of interactions between solute—sol-
vent and solvent—solvent.

Correlation between Hydrodynamic Slopes and Disso-
lution Enthalpies. In this section, we examine a cor-
relation between the hydrodynamic slope and the solvation
energy. In a previous study, we have found that the solvent
effect on the rotational correlation time for solitary waters
is correlated with the hydrogen-bonding strength between
solute water and organic solvent molecules.!” As a mea-
sure of the thermodynamic solvation energy for a benzene
molecule, here we take the dissolution enthalpy at infinite
dilution (AHg,). The values of —AHg in Table 5 have been

sol
computed from the data at finite concentrations.'® When the

Table 5. The Slopes A for »r Plotted against Solvent Vis-
cosities (P=0.1 St) Divided by Temperature and Disso-
lution Enthalpies AHj, for C¢Hg in Solvents

A . '"A :ol

Solvent 107 7sKP~! kJ mol~!
CHCl3 0.69 —1.93
CH,Cl, 0.62 —0.09
CH;CN 0.47 1.21
CsHg 0.34 0
n-CeH s 0.31 3.55
I’L—Cu)sz 0.27 . —_—
CCly 0.25 0.45
CH;0H 0.22 1.54
C,H;0H 0.11 1.63
n-C3H,0H 0.0579—0.12% 2.18
n-C4HoOH 0.0639—0.12Y 2.36

a) Between —40 and —20 °C. b) Between 50 and 70 °C.
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Fig. 4. Plots of the slopes in Figs. 2 and 3 against limiting
dissolution enthalpies AHg, of benzene. The numbers have
the same meaning as in Fig. 1.

benzene—solvent interaction is more attractive than that be-
tween benzenes, the dissociation or transfer enthalpy is neg-
ative (exothermic); when the former is weaker than the latter,
itis positive (endothermic). We test below our view>'>! that
the more exothermic the dissolution enthalpy is, the slower
will be the molecular rotation in solution.

As seen in Fig. 4, we have positive correlations between A
and —AHZ,. The correlations are split into the two straight
lines with a positive slope. The dissolution enthalpy for
benzene in hexane is exceptionally endothermic for some
unknown reason. The positive correlations indicate an im-
portant role played by attractive intermolecular interaction
energies in controlling the rotational correlation times for
benzene in solutions. This is in accord with what is ob-
served for solitary waters in organic solvents.'” Qur view
reached here on the basis of Eq. 30 is almost equivalent to
the alternative consideration of “microviscosity” within the
hydrodynamic framework.'” The present experimental re-
sult shows that microscopic theories of molecular rotations
in solutions, where solute—solvent interactions are taken into
account, need to be developed.
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