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Tumbling and spinning diffusions of acetonitrile in water
and organic solvents
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The spin—lattice relaxation timds, for °H and*N of acetonitriled;(CD;CN) are measured in pure
liquid, n-hexane, carbon tetrachloride, acetone, methanol, water, and heavy water as functions of
temperature and concentration. From fhe values, the rotational diffusion coefficients for the
tumbling and spinning motions are separately obtained. The tumbling motion is strongly dependent
on the solvent and temperature and its diffusion coefficient is qualitatively explained by a simple
dielectric friction model. The spinning motion is, on the other hand, weakly dependent on the
solvent and temperature. The observed large anisotropy(rafpof the spinning to the tumbling
modes represents the anisotropy of the solvation shell and is explained by neither the free rotor
model nor the hydrodynamic continuum model. The tumbling motion is more strongly hindered
than the spinning motion due to the dipolar interaction between the solute and solveB00®
American Institute of Physic§S0021-9606)0)51203-3

I. INTRODUCTION The tumbling motion of acetonitrile is the rotation about

. . . . an axis perpendicular to the symmetry axis and brings about
In solution, the rotational dynamics of molecules is sen-

. . X C}he rotation of the large dipole. The spinning motion is the
sitive to the molecular environment in the short range an

. . rotation about the symmetry axis and indistinguishable from
directly probes the solvation shell structure controlled by th%he internal rotation}:)f the n¥ethyl group. In negt liitf 12
solute—solvent interactiorts® A typical and strong molecu- i '

lar interaction is the hydrogen bonding. Temperdtmad the rotational diffusion coefficients for the two modes are not

pressuréeffects have disclosed the important role played by'dentlcal and involves a large value of anisotropy9),

the attractive potential in controlling the rotational dynamicsWhICh s much Iarger than the Iepgth r?“o of the Iop g to the
of such a hydrogen bonding solute as water in organic sol§hort axeg1.3). In this work, we investigate the anisotropy

vents. In this paper, acetonitrile, which is polar but not hy_of the solvation shell formed around acetonitrile by examin-

drogen bonding, is studied for comparison with water AC_ing the ratio of the diffusion coefficients of the spinning to
etonitrile has a I’arge dipole momef D) and is useful for tumbling motions. For the tumbling motion of acetonitrile,
elucidating the effect of dipolar interactions on the solvationth® dipolar interaction effects may be large enough to control

shell structure. It is a symmetric top with the two rotational the rotational diffusion of the dipole. In a previous work, we
modes; one is the tumbling ) and the other the spinning) ~ €lucidated the validity of the dielectric friction thedryto
motions. The difference in the diffusion coefficient betweenthe rotation of such an ion as the nitrate #5The unexpect-

the two motions is a sensitive measure of the anisotropy i€dly large values of the rotational correlation time of the
the solvation structure. nitrate ion in alcohols were explained in terms of the dielec-

The rotational motions of acetonitrile have been investi-tric friction coefficient. For the case of such a neutral dipolar
gated by various methods: IR° Raman®~*dynamic light ~molecule as acetonitrile, it has been reported by Kovacs and
scattering>~5 NMR 81625 pulse lasef®=28 and computer ~co-workers that this theory was applicable to the tumbling
simulation?324.29-31\10st of the studies are, however, con- motion of acetonitrile in water—1-propanol mixture
fined to neat liquid or in rather concentrated solutions. Insolvent’? We test the qualitative applicability of the dielec-
order to elucidate the solute—solvent interaction effect on th#'ic friction theory to the tumbling diffusion of the neutral
rotational dynamics, we focus on the solvent effect on thelipolar molecule acetonitrile in various solvents. For the case
rotational diffusion coefficients of acetonitrile at infinite di- of the spinning, on the other hand, the direction of the dipole
lution. Water and various organic solvents including apolamoment does not change and may be independent of the
ones are employed to shed light on molecular factors nedipolar interaction. On the spinning motion of acetonitrile in
glected by the hydrodynamic model. While the hydrody-dilute solutions, Yuan and Schwartz have investigated the
namic continuum models may be applied to such large moleffects of apolar and polar solvents by means of NMR.
ecules as dye¥ 3*their applicability is not assureal priori They have reported that the spinning motion has no correla-
to such a small molecule as acetonitrile due to the neglect afon with the solvent viscosity. It is then of interest to ask
molecular factors in the short range. how the rotational diffusion coefficient of the spinning mo-
tion is affected by the solvation structure, in particular when
dAuthor to all whom correspondence should be addressed; electronic mai'F.he solvent is water. This is indeed motivated by the report

nakahara@scl.kyoto-u.ac.jp from recent computer simulation observations that for such
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polar solutes as methanol and acetonitrile, the hydrophobiong times where the correlation function is smaller thas 1/
hydration shell is formed around the apolar methyl group inThe rotational correlation times calculated from the integral
the solute molecule¥:®’ For the dilute solution in carbon and the slope were found to be 0.96 and 1.16 ps, respec-
tetrachloride, it has been reported by Kimer, Leutloff, tively, and they are close to each other within the precision
and Wittenbeck that monomeric acetonitrile molecules li- of our discussion. In addition, these values are in good agree-
brate. This means that acetonitrile molecules are in a strongent with the values measured by means of the Raman
solvation shell. One may observe that methyl group can relinewidth*? and the NMR relaxation measureméht,.1 and
orient with a small friction in a strong solvation shell made 1.3 ps, respectively. This indicates that the rotational diffu-
of such immobile molecules as carbon tetrachloride and hysion model is applicable to the tumbling mode of acetonitrile

drophobic hydrating water. in the pure liquid. They also showed that the rotational dif-
In Sec. Il, brief review of rotational dynamics of aceto- fusion model is semiquantitatively applicable to the spinning
nitrile is given. In Sec. lll, the experimental procedure ismode. In the case of solutions, Laaksonen and Kovacs

explained. In Sec. IV, the results are shown. In Sec. V, theshowed similar results for the solution of chlorofoffnBy
intermolecular interaction effect on the rotational dynamicsmeans of depolarized Rayleigh scattetthgnd Ramar, it
are discussed. The paper is concluded in Sec. VI. was reported that the rotational correlation functions are fit-
ted to single exponential decay functions except for initial
Gaussian decay functions, in good agreement with the results
of the MD simulations. These also show the applicability of
the rotational diffusion model to the tumbling and spinning
In the 1960s and 1970s, the rotational dynamics of acmotions of acetonitrile as a good approximation. According
etonitrile was studied by means of & Raman'®??and to these results, the spinning motion of acetonitrile is suffi-
NMR.2-19t was then found that for the tumbling motion, ciently diffusive even when the value is very close to
the rotational correlation time is-1 ps whereas that of the unity.
spinning motion is a much smaller value ©0.1 ps. It was In this study, our purpose is to elucidate the solute—
also reported that such small molecules as;NDNH,, 8 solvent interaction effects on the tumbling and spinning mo-
N,,%° CD,,*° and CD; groups in monohalometharfés*®and  tions. The rotational correlation times of acetonitrile should
methyl acetylen involve very small rotational correlation then be measured in dilute solutions. For this purpose, NMR
times (0.1-0.4 p% In this era, however, since the detailed is one of the most powerful methods because of its sensitiv-
knowledge of the rotational correlation function was still ab-ity and selectivity. In the present study, we will measure the
sent, such a method as thg™test*® was used to character- rotational correlation times using NMR and apply the rota-
ize the rotational dynamics. The value is defined as the tional diffusion model to the rotational motions of acetoni-
ratio of the rotational correlation time observethg) to the trile in its dilute solutions, in order to extract two rotational
calculated value for a free rofSr(7eg); diffusion coefficients corresponding to the tumbling and
spinning motions.

II. A BRIEF REVIEW OF ROTATIONAL DYNAMICS OF
ACETONITRILE

T2R
_ TR 1
X TER @
T |
=\ 2
R or Vit (2 11 EXPERIMENT

wherel is the moment of inertial is the temperature, arg A. Materials

is the Boltzmann constant. When tievalue is smaller than Acetonitrile-d; (CD3CN) (> 99.6%, CEA was used af-
3, the rotational motion is considered “inertial,” and when ter dried by molecular sieves 3@acalaj. Deuterated water
the y value is larger than 5, the rotational motion is consid-(99.8%9 was supplied from CEA. Acetone, methanol, carbon
ered “diffusive.” In pure acetonitrile liquid, for example, the tetrachloride, anch-hexane of spectrograde were obtained
values are 3 and 1 for the tumbling and spinning motionsfrom Nacalai and dried several days before use with molecu-
respectively. When thg value is unity, the rotational motion lar sieves(3A or 4A, Nacalaj. Distilled water (HO) was
has been regarded as a free rotor. This characterization wased after being purified further by a Milli-Q Lakilli-
widely used without resorting to the functional form of the pore filter system. Solutions of acetonitrih; were pre-
rotational correlation function$:4546 pared by weight. To elucidate the concentration dependence
In the 1980s, molecular dynami€dID) simulation en-  of the tumbling motion of acetonitrile, the concentration of
abled one to discuss the rotational correlation function itselfthe solution was changed from 0.651 M (M=mol dm 3).
Bohm et al. investigated the rotational dynamics of acetoni-As shown in Sec. IV A, the association between acetonitrile
trile in neat liquid using MD simulatiof® They calculated molecules is considered negligible at concentrations of 0.05,
the rotational correlation functions of Legendre functions0.05, 0.5, 0.5, 1, ah 1 M for CCl,, CgH;s, CH;ZOH,
Y\m for I=2 andm=0,=1, and*+2. Each correlation func- (CH,),CO, H,0, and BO, respectively. Temperature de-
tion is fitted to a single exponential function while a pendence of the rotational diffusion coefficients was exam-
Gaussian-like decay is observed in the short-time region. Fdned at the constant concentration where the rotational diffu-
=2 and m=0, they estimated the rotational correlation sion coefficient is considered equal to that in the infinite
times from the integration and from the exponential fitting atdilution limit.
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B. Apparatus and experimental procedure ! L L L

The spin—lattice relaxation timeg; for ?H and N in 0.24 24
acetonitriled; were measured by the inversion recovery
method using NMR spectrometelEOL, EX-270 equipped
with a superconductor magnet whose magnetic field is 6.35
T. Free induction decay signals were accumulated 2 times
for 2H and 2000 times fo*N. The uncertainty off; was
within 2% for all solutions. The temperature was controlled
to =0.1°C.

oD,

C. Data reduction 0.16 - oDy |16
The main relaxation mechanism &fl and **N is qua- | | | |

drupolar and is controlled by the interaction between the 6 o1 02 03 04

quadrupole of nucleuseQ and the electric field gradient M)

(e@ at th? nucleus. _Und?r extreme ”a”PW'”g conditions, th%IG. 1. Concentration dependence of the rotational diffusion coefficients of
spin—lattice relaxation time measured is related to the rotate tumbling ) and the spinning®,) motions of CRCN in CeH,, at
tional correlation timer,g for the corresponding principal 30°C.

axis of the electric field gradient through

1 37%(e’Qq\? lated to the “pure” rotational correlation timesg(i) for
T, 2\ h ™ 3 that mode in the rotational diffusion limit as follows:
wheree’Qq/h is the quadrupole coupling constai@CC): L 1 5
the QCC values are 165 kHz and 3.74 MHz fer and “N, TR(H = I(I+1)D;’ ®)

r ively*® The rotational correlation time is expr . . . . .
espect eyl e rotational correlation time is expressed wherel is the rank of the orientational correlation function.

by the time integration of the rotational time correlation The rotational correlation times fdr=1 andl=2 are ob
function of second order. By solving the Langevin equationt ir?edoba ?n chso fe|; ;)nd Nl\iSR ) — ativ I_ F ar (szm le
for rotational motion and using the Debye diffusion lirhit, a y me 0 » FESpectively. 0 Pie,

. o : n the pure liquid at 30°CD, =1.35x 10" and D,=14.8
the rotational correlation time is expressed in terms of the 101 correspond 10 7pr(1)=1.23 and 7x(l)

. e - . X
rotational diffusion coefficients for the tumblind>() and ™ )
spinning ;) motions as =0.113ps, respectively.

3/((3cog9—1)2 2sirfdcos b sin* 6 IV. RESULTS

ToR=%5 + + ,
2 36D, 5D, +D, 4D, +8D, In order to elucidate how the solute—solute and the
) solute—solvent interactions affect the rotational dynamics of
where the angle between the principal axis of the electric acetonitrile, we have examined the dependence of the rota-
field gradient and the symmetry axis are 0 and 109.55° fotional diffusion coefficients for the tumbling and spinning
14N and ?H, respectively. Using Eq4), the two rotational motions on the concentration, solvent, and temperature. First,
diffusion coefficientsD, andD,, are obtained from th&,  we study the concentration dependence. We will show the
of 2H and™N. In our model, even the rotational relaxation of association of acetonitrile in apolar solvent and its effects on
the spinning motion is assumed to be described by the smathe tumbling and spinning motions, and determine the con-
step diffusion. The rotational diffusion model is supported bycentration at which the solution can be considered dilute.
the MD simulation stud¥’ as mentioned in Sec. I. Second, we study the temperature and solvent dependencies
In spite of the large value of the spinning diffusion co- of the rotational diffusion coefficients of the tumbling and
efficients, nonzero activation energy-3 kJ mol") is ob-  spinning motions at infinite dilution. The correlations of the
served and is dependent on solvent as shown in Sec. V Aotational diffusion coefficients with solvent viscosity and
This value is larger than the value from a simple free rotatiompolarity are shown. We will show that the anisotropy ratio of
(~1.3 kJmol'! around 30°¢ and the spinning motion is the spinning to the tumbling diffusion coefficients is also
influenced by the intermolecular interactions. We have als@lependent on solvent and temperature.
observed nonzero activation volunie0.2 cn¥mol™?) for
the spinning motiort’ These results indicate that even the
spinning motion is not a simple free rotation, which has al-  In order to see the solute—solute interaction effect on the
most zero activation energy and zero activation volume. Theotational dynamics for acetonitrile, the concentration depen-
spinning motion is the reorientational motion influenceddence of the rotational diffusion coefficients was measured
from the intermolecular interactions. These experimental rein such apolar solvents as carbon tetrachloriderahdxane,
sults are in favor of the rotational diffusion approximation and in such polar solvents as acetone and water at 30 °C. In
validated by the MD study’ the apolar solventm-hexane, Fig. 1 shows that th, ex-
For each mode of the tumbling and spinning motions,hibits strong nonlinear dependence on the concentration; it
the above-obtained rotational diffusion coefficidht is re-  gets smaller as the concentration increases. This indicates

A. Dipolar association
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0.15 ! L L L L TABLE I. Association constari and rotational diffusion coefficients of the

tumbling motions for the monomeD(") and dimer Df) states of acetoni-
trile in solutions at 30 °C.

Solvent K (mol~* dnr) DT(10Ms™Y DY(10s™Y

> ccl, 0.57+0.16 1.00+0.01 0.620-0.046
a & (CHy),CO CeHia 1.41+0.29 2.37+0.02 1.03-0.11
= & H.0
= T occy

<i
Q

0.10 -| L
where
Cm 2Cy

XmZEO', Xdchv COZCm+2Cd.

T T T T T
0 02 04 06 08 1.0

com Here x,, and x4 are the mole fractions of the acetonitrile

molecule for the monomer and the dimer states, respectively,
FIG. 2. Concentration dependence of the rotational diffusion coefficien@NdCp, Cq, andC® are the concentrations of the monomer,
(D) of the tumbling motions of CKCN in apolar and polar solvents at the dimer, and the total, respective®."" and Df are the
30°C. rotational diffusion coefficients of the tumbling motion for
the monomer and the dimer, respectively. The equilibrium

that the tumbling motion is hindered by the dipolar associa—cons'tanlK defined as

tion. This result is similar to the results of the solutions in Gy
alkanes and carbon tetrachloride by Tiffon and K= c? ()
co-workers’®?! They have shown that the rotational diffu- . §
sion coefficient of acetonitrile deviates from the prediction ofFTom Eqs(6) and(7), the three parameters, D", andD ,
the hydrodynamic model and have explained the deviation i'€ obtained by the least-squares method and their results at
terms of the association of acetonitrile in apolar solvents. Fop0 “C are listed in Table I. The association constant for the
the spinning motion, on the other hand, the concentratio§iPolar acetonitrile is twice as large mhexane as in carbon
dependence is negligible even in apolar solvents as shown igtrachloride. The rotational diffusion coefficient for the tum-
Fig. 1. This means that the association of dipolar acetonitril®ling motion ofnt1he dimerp_ , is twice as large as that of
molecules hardly hinder the spinning mode. This result supth® monomerD ", as expected from a hydrodynamic point
ports that the structure of a dimer is antiparallel, which ha®f view: approximately, the solute volume of the dimer is
been observed by means of computer simulaffoi@and ~ twice as large as that of the monomer. Thus, the concentra-
IR tion dependence of the rotational diffusion coefficient for the
In Fig. 2, theD, values of acetonitrile in such an apolar tumbling motion is successfully explained in terms of the
solvent as carbon tetrachloride and in such polar solvents #ipolar association.

water and acetone are plotted against concentration. In car- Figures 1 and 2 show that the temperature and solvent
bon tetrachloride, th®, depends significantly on the con- €ffécts on unassociated acetonitrile can therefore be studied

centration as im-hexane. In polar solvents, on the other & 50 MM in apolar solvents; at this concentration, the rota-

hand, no concentration dependence is observed. This meati@nal diffusion coefficients of acetonitrile are considered
that in polar solvents, the dipolar interaction between thedual to the monomer values, which are obtained at the di-
solute molecules is interfered by the solvent moleculedution limit. In Sec. VB we deal with the diffusion coeffi-
which themselves have a large dipole moment. In this studycient at infinite dilution.

there is no evidence for the dimerization of acetonitrile in

water, in disagreement with the RISM calculattniR stud- g, Temperature and solvent effects

ies show that acetonitrile generates a dimer in apolar solvents , e . .

and that pivaronitrilel (CHz);CCN] with the bulky apolar The rotational diffusion coefficients for the tumbling and
group forms no dimer§This result indicates that the driving the sp!nnlmg' motions are determmed n apfolar and polar sol-
force for the dimerization is short ranged and not hydropho-VentS including water overa wide range o temperature's. In
bic but dipolar interactions. In polar solvents including wa- 1able I, the rotational diffusion coefficients for the tumbling
ter, acetonitrile molecules are solvated by the surroundind?t '€ summ.anzed. The, value at 30°C is in the follow-
solvent molecules which have a large dipole moment and n§'9 Sequénce:

dimerization of acetonitrile molecules occurs in the wholeCzH,,(2.28>(CH,),CO(1.379>CD5;CN(1.35

concentration range studied due to the competition between

the solute—solute and solute—solvent interactions. =>CCl,(0.989>H,0(0.930>CH;OH(0.872
In the two-state model, th®, value Qbserved is the >D,0(0.794, (8)
mean value of the monomer and the dimer states as de- ] o .
scribed by where the numbers in parentheses indicateDthevalues in
- . 10''s1. According to the hydrodynamic model, the diffu-
D, =XmD +x4¢D}, (6) sion coefficient should be proportional to the inverse of the
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TABLE II. Limiting rotational diffusion coefficient®, for the tumbling motions of CECN in pure liquid and

solutions?
D, (10%s™}
CeHia (CH,),CO CD,CN CH;0H H,O ccl, D,0
T(°C) (0.285° (0.292° (0.324" (0.508 (0.797° (0.847° (0.973°
40 2.58 1.09 0.981
30 2.28 1.37 1.3 0.872 0.936 0.98% 0.794
20 2.06 1.24 1.22 0.767 0.727 0.855 0.614
10 1.86 1.11 1.09 0.665 0.563 0.784 0.452
0 0.995 0.974 0.574 0.407 0.311
-10 e 0.862 0.856 0.476 - e
-20 e 0.754 0.742 0.411
—-30 0.634

@Uncertainty is within=2% for GH,, and CC}, and =1% for the others.
PSolvent viscosity in centipoise at 30 °C; from Ref. 61.
°This value is comparable with 1.2710'*s™* at 23 °C in Ref. 25, and slightly smaller than 1.35 and 1.40

X 10" st at 25 °C in Refs. 17 and 18, respectively.

YThese values are in good agreement with 8.88''s * at 25 °C in Ref. 22.

®This value is slightly larger than 0.9610"'s™* at 39 °C in Ref. 25. This discrepancy would be due to the
difference in the concentration: our concentratiéd mM) is one order of magnitude lower than that in Ref.
25. The concentration dependence of e is large in apolar solvents due to the competition between the
solute—solute and solute—solvent interactions as described in the text.

solvent viscosityn. Figure 3 shows the correlation diagram ning motion is much smaller than that of the tumbling. The
between the inverse viscositysiAnd theD, . The solvent D, value at 30 °C is in the following sequence:
dependence of th®, is similar to but not in accord with

that expected from the hydrodynamic model. The effects ofcCla(22.8>CgH14(21.3>H,0(17.1>D,0(16.1)

temperature and solvent on the diffusion coefficient are large >CH;0H(15.5>CD;CN(14.8>(CH,),CO0(12.7), (9)

as a result of drastic perturbation of the solvation shell by the
dipolar reorientation. where the numbers in parentheses are rotational diffusion

The rotational diffusion coefficients for the spinniiy coefficients in 18's™. This sequence has no correlation
are listed in Table Ill. Thé, value is an order of magnitude with solvent viscosity as shown in Fig. 3 in contrast to that of
larger than theD, in each solvent and its temperature de-the tumbling.
pendence is smaller. This means that the friction for the spin-  In order to estimate the solvent effect on the rotational
diffusion coefficients, the Stokes—EinsteiiSE) product
T/D 7 is also calculated. The SE product represents the ef-
fective volume of the solute molecule according to the

-1 —r—4 ——24
g C6H14__\2\4 1y simple hydrodynamic model. In other words, the smaller the
A product, the smaller the effective volume. In this simple
;: model, electrostatic solute—solvent interactions are ne-
TR glected. In Fig. 4, the correlation diagram between the di-
A0 electric constant and the SE product is shown. Except for
SN H,O and DO, the SE product has a good correlation with
“\\ the dielectric constant. This may imply that the difference in
£ CH3)2CO——’/// \;;(/ the SE product reflects the difference in the polanty of the
e. CHyCN 1+ e solvent. The smallness of the SE products in light and heavy
1 ‘\“\,\/Iﬁ- a. water will be explained in terms of the dielectric friction
O TR L model in Sec. V.
dcCly . 7 / ( e, The rotational anisotropy ratia is defined by the ratio
¢ H0 1500 e f the rotational diffusion coefficient of the spinning motion
b. CH,OHA-"" "% VA 0 _ ( pinning
aDO 4+~ S/ \ to that of the tumbling motion,
RN B o f
——0s =1 ——12 D,
D, 1y ) a=g-- (10
(1011 g1 (cP) (1011571 +

Whena>1, the tumbling motion is more prohibited than the
spinning motion. In Fig. 5, the anisotropy ratiois plotted
against temperature. Thevalues are larger than 9 at all the

FIG. 3. Correlation diagram among the inverse solvent viscdsity) and
the rotational diffusion coefficients of the tumblin® () and the spinning
(D) motions of CRCN at 30 °C.
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TABLE lII. Limiting rotational diffusion coefficientd, for the spinning motions of CiZN in pure liquid and

solutions?
Dy(10%s™Y)
CeHia (CH,),CO CD,CN CH;0H H,O ccl, D,0
T(°C) (0.285° (0.292° (0.324" (0.508 (0.797° (0.847° (0.973°
30 21.3 12.7 1438 15.5 17.1 228 16.1
20 20.9 12.0 14.7 14.7 17.1 22.4 16.3
10 20.5 11.2 14.0 14.0 16.0 20.3 14.8
0 10.2 13.5 13.1 15.2 13.8
-10 9.83 12.8 12.8 .
-20 9.00 11.9

@Uncertainty is within=1%, £2%, +3%, =4%, +4%, =4%, and*=8% for CD;CN, H,0O, CH;OH, CgH14,
(CHy),CO, CCl, and DO, respectively.
PSolvent viscosity in centipoise at 30 °C; from Ref. 61.

°This value is in good agreement with 13.8, 12.7, and %2.0'' s™! at 25°C in Refs. 18, 25, and 17,
respectively.

“This value is in close agreement with 2%.10' s at 25 °C in Ref. 25.

conditions examined. Thex value is not constant and according to the temperature dependence ofathAcetone,
strongly dependent on the solvent. At 30 °C, thés in the  acetonitrile, andi-hexane belong to the first group, in which

following sequence: the « values and their temperature dependencies are small.
Carbon tetrachloride and methanol form the second group,

Dz0(20-3>CCly(19.9>H,0(18.4>CHOH(17.9 where thea values and their temperature dependencies are
>CD3CN(11.0>(CHs),C0O(9.3)~CgH14(9.3), 11 large. Water and heavy water are the third group, for which

. . the a values are close to those in the second group whereas
where the numbers in parentheses are d¢healues. This group

. . ) the temperature dependence is much larger than those in the
sequence is parallel to that of solvent viscosity, as seen from

Fig. 3. The more immobile the solvent, the larger the anisot-Second group. In particular, the in water has the largest
o : . T temperature dependence.

ropy. This is also the case when the solvent viscosity is in-

creased by lowering temperature. Tda@alue increases with

decreasing temperature in each solvent. This implies that th¥: DISCUSSION

anisotropy of the solvation shell is weaker at a higher tem-  |n order to elucidate the solute—solvent interaction effect

perature. In Fig. 5, solvents are separated into three groupsh the tumbling and spinning motions, the solvent depen-

dence of the activation energies is discussed. For the tum-

bling motion, we will examine the applicability of the dielec-

g H,0 —:\80 T80 tric friction theory based on the hydrodynamic continuum
-D0 T A model. By comparing the rotational dynamics of acetonitrile
S Ld
\\\\\ ; ,/:———64 1 1 1 1 ]
W O Cl,
N 404 x DO L
W ® H,0
AR @ CH,0H
SN O CD,CN
SN 309 o (cHy,Co -
d. CH,CN—" /% m CH
e. CHiOH- \ 5 o
//'l ‘\::‘ ~a. 20 B
¢. (CH3),CO1~ o
\\:: % 104 W -
S —-b.
b. CCl, 477
& CéHlE:l ——30 0- T T T T T N
e DL 40 20 0 20 40
LN T (°C)
(10-11 K s Py

FIG. 5. Anisotropy ratio(e) of the rotational diffusion coefficients of the
FIG. 4. Correlation diagram between the dielectric constanand the SE  spinning to the tumbling motions of GON in pure liquid and in solutions
product (T/D, %) of the tumbling motion of CBCN at 30 °C. as a function of temperature.
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TABLE IV. Activation energy E, of the diffusion coefficients for the tumbling and spinning motions of
acetonitrile, for heavy water, and for benzene, together with the activation energy of the solvent viscosity.

E, (kI mol?)

CD,.CN CD,.CN
Solvent (tumbling D) (tumbling D) D,0? CeD¢’ Viscosity®
CeHua 7.9-0.4 5.8 7.4
CCl, 8.8£0.5 3.3£0.5 8.6 7.5 10.3
CeHs 9.8 6.8 10.7
CHCl, 9.3 7.9 7.3
(CH,),CO 7.6x0.1 4.4+0.2 11 6.8
CH;OH 9.7+0.2 3.2£0.3 6.7 10.1
CD,CN 7.8+0.1 2.8+0.1 1d 6.2 7.6
H,O 18.9+0.5 2.9+0.6 15.3 16.5
D,O 19.5£0.8 3.9+%1.0 19 17.6

®Data from Ref. 1.

PCalculated from data in Ref. 3.

‘Calculated from viscosity data at 20, 25, 30, 35, and 40 °C obtained from Ref. 61.
For the solvent CECN.

with that of the nitrate ion, water, and benzene, we will dis-cates that the hydrogen bond effect is stronger than the di-
cuss the solute—solvent interaction effects in the short rang@olar interaction effect. The dipolar interaction of acetoni-
For the spinning motion, we will shed light on the solvation trile is stronger than the interaction of such an apolar solute

shell effect on the rotation. as benzene. For the spinning motion of acetonitrile, the rota-
tional activation is easy because the methyl group is apolar
A. Molecular tumbling and small.

1. Activation energy

To elucidate the solute—solvent interaction effect on th
two rotational modes, activation energigg are calculated _ ' _ . . _
from the slopes of the Arrhenius plots for the tumbling and ~ According to the Einstein relation, the rotational diffu-

&, Hydrodynamic effect

spinning diffusion coefficients as follows: sion coefficientD; is expressed by the rotational friction co-
) efficient {; and the temperatur€ as follows:
Ea(i)
Di=Aexp — , (12 1 Ié
RT == (14)
D; kgT’

whereA is a pre-exponential factor arirlis the gas constant.

The E, values are listed in Table IV. For the tumbling mo- where the symbail denotes the tumblingL) or the spinning
tion, theE, values in organic solvents are 8—9 kJmolin () motion. In the hydrodynamic model, the solvent is re-
light and heavy waters, the, values are~19 kJmol't and  garded as a viscous continuum and the inverse of the rota-
two times larger than those in organic solvents. These largtonal diffusion coefficient I; is then proportional to sol-
activation energies come from the large energy required tyent viscosity divided by temperaturg/T. In order to
break the acetonitrile—water interaction and reorient watefompare the solvent effect on the rotational dynamigs, is
molecules in the solvation shell: THe, of heavy water in  used as a parameter to normalize the solvent viscous friction.

pure liquid is 19 kJmol*. The activation energy of the sol- When 1D; is plotted agains/T, the slope reflects the sol-
vent viscosity is also listed in Table IV. THe, value of the ~ vent effect on the rotational diffusion coefficient at a fixed
tumbling motion is close to that of the solvent viscosity 7/T. In Fig. 6, 1D, are plotted againsy/T. In polar sol-
whereas thé, of the spinning motion is much smaller and vents except for water, the plots are within 10% of each other
has no correlation with the activation energy of the solvenind the slopes are-1.5 times larger than those in apolar
viscosity. This means that tHg, of the tumbling motion is ~ solvents and in water. While I/, is almost proportional to
affected not only by the solute—solvent interaction but also7/T in each solvent, the slope is different among solvents.
by the solvent—solvent interaction due to the exclusion of thé'he slope can be regarded as a measure of the solute—solvent
solvent molecules. interaction as in the cases of the solute waserd benzeng.

The effect of the solute—solvent interaction is furtherlt is approximately equal to the SE product and represents
appreciated by comparing the, of acetonitrile with the the effective volume of the solute which is modified by the
E,’s of heavy water and benzene when they are used a$plute—solvent interaction. The slop@sof the plot of 1D,

solutes. In each solvent, tli&, is in the following sequence: againstn/T measured are listed in Table V. The slope is in
the following sequence:

D,0>CD;CN(L)>CgDg>CD;CN(ll). (13
Hs),CO(59)>CD3;CN(49)>CH;0H(46)>H,0(36
The solute—solvent interaction between the solute water ang: 2)2CO59) 5CN(49) sOH(46)>HZ0(36)
the solvent is mainly the hydrogen bond. This result indi- =D,0(36)>CgH14(35>CCl,(24), (15
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FIG. 6. Plots of the inverse rotational diffusion coefficient¥1) of the

tumbling motion of CQCN in pure liquid and in solutions against solvent

viscosity divided by temperaturep(T).

where the numbers in parentheses are slopesiA4B P 1.

A frequently employed approach to correlate the sequence iffiction.*

Tumbling and spinning of acetonitrile 1469
Here,a andb are the lengths of the longer and shorter axes,
respectively, and for acetonitrifg,

a=0.291nm, b=0.224 nm. (19

From Eqs.(16) to (19) we can obtain the slope of the plot of
1/D; againstyn/T for the tumbling and the spinning motions
S, =290x 10 8, S5,=240x10 8sKP 1, respectively. The
value to be employed here & =290x10 8sKP . This
value is larger by an order of magnitude than the values in
Eq. (15). Therefore, the tumbling motion is much less re-
stricted than the value predicted by the hydrodynamic model
in which the molecular structure is neglected.

3. Dielectric friction effect

In order to explain the solvent dependence of the slope
of the plot of 1D, againstn/T in Fig. 6, we will examine
the dielectric friction model. In polar solvents, the interaction
between a dipole moment and its reaction field may make an
excess contribution to the friction coefficient of the tumbling
motion. This long-range effect is called the dielectric
This effect on the rotational diffusion coefficient

Eq. (15 with the solvent property is the hydrodynamic May be expressed as

model. Since we are concerned with the rotational anisotropy 1 1
of acetonitrile, it is natural to employ the hydrodynamic

model for an ellipsoid.

6u’ -1

S"Vd_ ke TR® (2€0+1)2"7

D D

(20

The rotational friction coefficients of an ellipsoid have Here, 1Dy is the intercept obtained by plotting[l/against

been calculated by Perrin under the stick condifiotf. We
have the rotational friction coefficients

32mwb%(a’®—b?)

L= ea-3b%s 7 (18
32m(a*—b?)
§H23(2a2_b2)s_6a 7, (17)
where
2 a+(a®—b?)"?
S= (az_bz)l/z n b , a> b (18)

7/T,Syyq is the slope due to the viscous friction of the sol-
vent, 7p is Debye’s dielectric relaxation time of solver,

is the static dielectric constant of the solveRtis the radius

of the solute(0.291 nm useq w is the dipole moment of the
solute. According to the temperature-variable measurements
of the dielectric relaxation times of watérand methanot?

7p is almost proportional tay/ T. Whentp is assumed to be
proportional ton/T in the temperature variation for a fixed
solvent, Eq.(20) is rewritten as

1 1
D~ D, + (Shyd ™ Sdiel) ; (21)

TABLE V. The slopesSy calculated from Eq(22) in terms of the dielectric friction model, the observed slope

S,, and its differenceAS, between a polar solver(X) and the reference solvent (CLIAS, =

S (X)

—S,(CCly). The dielectric constants, and the Debye dielectric relaxation times are also listed.

Solvent & (P9 S (108sKPY S (108sKP)  AS (10 8sKP
CeHaa 1.9 35 0 11
ccCl, 2.3 24

(CH,),CO 20.7 2.8 59 28 35

CHZOH 31.9 1.1° 46 4.3 22

7.0 28
47.0 180

CD,CN 35.2 3.6 49 19 25
H,0 76.8 7.2 36 7.8 12
D,O 76.2 9.2 36 8.2 12

Hydrodynamic - -- e 290 e “e
modef
% rom Ref. 62.

From Ref. 36.
‘From Ref. 56.

dInterpolated from the data obtained from Ref. 63.

°The rotational friction coefficient of an ellipsoid under stick condition is calculated; from @65.(18), and

(19) according to Ref. 52.
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where TABLE VI. Slopes of the plots of the rotational correlation times against
nlT for nitrate ion, acetonitrile, heavy water, and benzene in various sol-
61 e—1 (T, vents.
Sdel =T R® (2egt 12 7(T,) 22
Blr 0 AN Slopes (108sK P 1)
T,
CDsCN
The reference temperatuiie may be taken here as 30 °C. NO; 2 (tumblingD,)  D,OP CeD¢’
Using Egs.(21) and (22) we have estimated the dielectric ~ Solvent  (0.15-0.26°  (0.22-0.2%"  (0.14°  (0.17-0.3¢"
friction effect on the rotational diffusion coefficients; the re- c,, 58 31
sults are shown in Table V. When we attribute the effect of ccl, 4.0 0.22 25
the dielectric friction to the difference in th®, between a CeHs 11 34
polar solvent(X) and carbon tetrachloride, the theoretical CHCk: o L2 6.9
. N . (CHy),CO 9.8 12 -
slppe due to th_e dielectric frictiorg, is to be compared CH:OH 57 77 29
with the experimental valudS, =S, (X)—S, (CCly). The CD,.CN 34 8.1 6.5 a7
value ofAS, is in the following sequence: H,0 3.0 6.0 35
D,0 6.0 6.5

(CH3),CO(35)>CD;CN(25)>CH3;0H(22)>H,0(12),
(23 3 rom Ref. 36 and unpublished data on the temperature effect.

. a bFrom Ref. 1
where the numbers in parentheses are iN®EK P L. The  crrom Ref. 3.
value of Sy calculated by Eq(22) is in the sequence, The lengths of the shorter and the longer axes in nanometers.
€Commonly used radius in nanometers.
(CH3),CO(28)>CDsCN(19>H,0(7.7), (24 in cHCN.

where the numbers in parentheses are in®s&K P 1. Ex-

Cﬁpt fgr metganlol, ;he c?lculates slo|$§e| IS compr)]arable to ¢ whereas for the solute acetonitrile the slopes are close to
t er? selrv_ehsobp Sy bor eacd sovint. For the cads_elo each other. In such alcohols as methanol, ethanol, and
methanol, It has been observed that there are three die eCtri(zpropanol, the rotational correlation times of the nitrate ion

relaxation times, 1.1, 7.1, and 47.0<The solvent dynam- 0" o "order of magnitude larger than those in other polar

cs Wltho? shorte(rj tane sclale th(;;m the' tumpl;]hgz p?f' IS | solvents® The slope of the nitrate ion in methanol is 3 times
averaged out and the solvent dynamics with a sufficient Marger than that of acetonitrile though the size is smaller.

Iargeertlr_ne ﬁcale canfbﬁ reg?rde_zd t?j be r?%rgost statu_:dor forhese large solvent dependencies can be expressed in terms
zen. As In the case of the solvation dynamiCse consider ¢ wq giglectric friction model when the largest dielectric

that only the _so_lvent dyn_amics with the _co_mpgrable timerelaxation time(cf. 47.0 ps for methanpin the three relax-
scale(~1 p9 is involved in the energy dissipation or the

frict P . he sl q he dielectric frict ation times is used in contrast to the case of acetonitrile. This
riction of our interest. The slope due to the dielectric friction gt implies that the time scale of the solvation dynamics
model may be in the region from 4.3 to 280" °sKP~

. . . . ) which affects the rotational motion is larger for such an ion
corresponding to the dielectric relaxation times of 1.1 andas the nitrate ion than for such a dipolar molecule as
7.1 ps. TheSye thus calculated is comparable to the ob- acetonitrile

served value as in the other solvents. This result indicates For the solute water, the difference in the slope among

that the dielectric friction model is qualitatively valid for the solvents is much larger than that of acetonitrile. For example,

tumbling motion of acetonitrile. In such an_agpolar si)lvent @%he ratio of the slope in acetone to that in carbon tetrachlo-
n-hexane, however, thas, value is 1210 "sKP " and —jge js 50 whereas the ratio for the solute acetonitrile is

close to theAS, in water whereas the dielectric friction co- only 2.5. This large solvent dependence is not explained in

efficient should be equal to zero. The difference in slop&g g of the dielectric friction model. It has been explained
betweenn—hexa}ne _ar!d carbon tetrachloride is not e>_<p|a|ne hat the sequence of the slopes is strongly correlated with the
t_)y the dielectric frlctlon' model. The solute—solvent mtgrac— trength of the hydrogen bonding between water and solvent
tion in the' short range is also needed for the explanation 0?noleculesl. It is noted that the interaction between water
the solvation dependence of the slopes. (solute and acetondsolveny is very strong. This trend is
also observed in the case of the solute acetonitrile, which is
also an example of the solvent specificity.

In order to investigate how the solute—solvent interac-  For the solute benzene, which has no dipole moment, the
tions affect the rotational dynamics of the solute, we com-slope is controlled not by the dipolar interaction but by other
pare the slopes of the rotational correlation times agajfist  short-range solute—solvent interactions, van der Waals, and
for acetonitrile with those of the nitrate ion, water, and ben-quadrupolar interactions. As seen in Table VI, the slope in
zene, which are a typical ion, a polar and hydrogen-bondingnethanol is smaller than that in carbon tetrachloride in con-
solute, and an apolar solute, respectively. The rotational cotrast to the case of the dipolar solute acetonitrile. The slope
relation times for the pure tumbling motion of acetonitrile is in chloroform is the largest among the solvents studied. We
calculated from Eq(5). The slopes of the rotational correla- have shown that the experimentally determined slope of ben-
tion time againsty/T are summarized in Table VI. zene has a positive correlation with the solvation enthalpy,

For such an ion as the nitrate ion, the slope in methanolvhich reflects the strength of the solute—solvent interaction.
is ~9 times larger than those in acetonitrile and in waterEven for such an apolar solute, the rotational dynamics is

4. Solute —solvent interaction in the short range
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controlled not by the solvent viscosity but by the short-range 1.0 ' ' l I
solute—solvent interaction.
0.8 1 e D,0O -

N . . O CD;CN, spinning
B. Spinning diffusion

1. Solute —solvent interaction

Tr (P8)

In the spinning motion, the direction of the dipole mo-
ment does not change. The problem is then to identify the
factor to influence the spinning motion. In order to elucidate 0.2
the solvent dependence of the rotational diffusion coeffi-
cients for the spinning, the activation enetgy for the spin-
ning is calculated from the Arrhenius plots of tBg. The 0
observede, values are shown in Table IV. For the spinning
motion, theE, values are~3 kJmol'! and much smaller
than that for the tumbling motion. This result indicates thatFIG. 7. Solvent dependence of the rotational correlation timeg) (for
the spinning motion is not strongly affected by the solventP2C and the spinning motion of GON. (@ CeHia: (b) (CHy),CO; (0)

CD;CN; (d) CHyOH; (e) H,0; (f) CCl,; (g) CHC,
molecules. However, the methyl group cannot rotate freely
because th&, values are two or three times larger than that

of a free rotor(1.3 kI mol ). The methyl group reorients in In contrast to water and carbon tetrachloride, Dg

the solute—solvent interaction potential. TBg in water is 5),e in acetone is unexpectedly small and the friction coef-
close to those in other organic solvents in contrast 1 tgigien is large. The large activation energy is also observed
tumbling motion. This indicates that the spinning motion;, scetone as seen in Table IV. A similar phenomenon has
does not exclude the solvent water molecules around a M§ean  observed in dimethyl sulfoxide by Yuan and

thyl ‘group and that the solute—solvent interaction IS nolgcpyartZ5 They measured the rotational diffusion coeffi-
strong. On the other hand, tfe, in acetone is larger than iants of the tumbling and the spinning motions of

that in water. The spinning motion is more hindered in ac-,cetonitriled, in pure liquid, carbon tetrachloride, dimethyl
etone than in other organic solvents.

- ) . sulfoxide, and butanol. The sequence of Ehe value is
Here, the solute—solvent interaction effects on the spin-

ning motion are elucidated from the solvent dependence dEDsCN(1.27)>CCl,(0.710
theD,. As seen in Eq(9), the D, value is larger in water ~(CH.)-S00.359>C,H.OH(0.24 o5
than in the other polar solvents in spite of the large differ- (CHZ),SQ0. 9. 4HsOH(0.240, ( .)
ence in the solvent viscosity. In contrast to the case of thavhere the numbers in parentheses are fhe values in
tumbling motion, this largeness cannot be explained in term@0*'s ™. This sequence is the same as the sequence of vis-
of the dielectric friction model because the spinning motioncosity increasing. The tumbling motion is controlled mainly
does not change the direction of the dipole moment. Suchy the solvent viscosity due to the hydrodynamic friction
weak hindrance in the solvent water has been observed f&oefficient. For the spinning motion, on the other hand, the
the rotational mobility of the solute benzeh&he hydropho- ~ sequence of th®, value has no correlation with that of the
bic hydration shell around such a hydrophobic solute as bersolvent viscosity in the following:
zene makes the friction weaker. It_ has also been reported th@fCI4(21. 1)>C,H,OH(13.9
for such polar solutes as acetonitrile and methanol, the hy-
drophobic hydration shell is formed around the methyl =~ >CD3;CN(12.9>(CH;),SO(7.3), (26)

4,37 oA . g
groups®*37 Our result indicates that the rotational friction of where the numbers in parentheses are Ehevalues in

the spinning motion is reduced by the hydrophobic hydrationlous-l_ This trend is just the same as our observation. In

shell around the methyl group. In water, the rotational cor-,atone and dimethyl sulfoxide, the spinning motion of me-

relation time for the spinning of acetonitrile is 0.10 ps. It isthyl group of acetonitrile is strongly hindered by such polar

comparable to the rotational correlation time of methanegroups as CO and SO or by methyl groups in solvent mol-
(0.12 pg measured in water by Laaksonen and Sﬁﬁﬂ;h's _ ecules but the details of the solvation shell structure are not
result also indicates that the rotational motion is less h'nknown yet.

dered when a cage is formed by more heavy solvent mol-
ecules. ) o o

We will compare theD, value in carbon tetrachloride - Comparison of acetonitrile spinning and water
with n-hexane. In carbon tetrachloride at 30 °C, Byevalue ~ "Ofalion
is larger than that im-hexane though the viscosity of carbon Both solutes, water and methyl group, have very small
tetrachloride is~3 times larger than that ofi-hexane as moments of inertia; the moments of inertia are 3.8 and
shown in Table Ill. Since a carbon tetrachloride molecule is10.9x 10~*"kgm~?2 for D,0°%%% and CD; group® respec-
a heavy and rather sphere molecule, the methyl group catively. In Fig. 7, ther,g values for these small atomic groups
reorient more freely in its solvation shell formed by heavyat 30 °C are plotted against solvent viscosity. For the methyl
molecules because the collision frequency is smaller. group in acetonitrile, ther,g is very small(~0.1 p9 and
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almost independent of the solvent viscosity. This means thahe temperature dependence of thealues, either, because
the spinning motion is almost insensitive to the nature ofthe ratio calculated from these two models is independent of
solvent shell. For the solute water, on the other handsjhe the temperature. The tumbling motion is strongly restricted
steeply decreases with increasing viscosity in contrast to thby the solvent molecules due to the dipolar interaction, so
hydrodynamic prediction. The solvents we used for the studyhat the anisotropy ratio is much larger than those predicted
of the rotational dynamics of water are acetone, acetonitrileby the simple models which neglect the details of short-range
chloroform, and carbon tetrachloride. The sequence of theteractions.

Tor Value can be explained simply in terms of weakened or

broken hydrogen bonds between the solute and solvent. CoRy. CONCLUSIONS

cerning the activation energy, a similar solvent dependence ) ) ) )

is observed. As shown in Table IV, the activation eneffigy Welzla\_/e measured the spin—lattice relaxation times for
for the solute water is larger than that for the spinning mo- 1 @nd="N in CDsCN in various organic solvents and calcu-
tion of acetonitrile in each solvent by a factor of more than 2.ated two modes of rotational diffusion coefficients; one is

The E, value for the solute water increases with increasing©" the spinning and the other is for the tumbling. The rota-
hydrogen-bonding ability of the solvent, whereas thg tional diffusion coefficients are obtained at various concen-

value for the spinning motion of acetonitrile has no correla-rations, temperatures, and solvents.

tion with the polarity of the solvent. These results indicate !N order to elucidate the solvent effects on the two rota-
that the solute—solvent interaction is stronger for the solut&ional motions, we used such polar solvents as acetone, ac-
water than for the solute methyl group. We should note thé&tonitrile, methanol, water, and heavy water and such apolar
following difference: the C—H bond is almost nonpolar, solvents_as carpon _tetrachlo_rl_de and hexane. !n each_sol\_/ent,
whereas the O—H bond is strongly polar and can form 4he rotational d|ffL_JS|on coefficient of the tumbling _mo_t|on is
hydrogen bond. For such small solutes as methyl group an@n order of magnitude smaller than that of the spinning. The
water, reorientational motion depends not on the solvent visiotational anisotropy ratio is more than 9. This large anisot-

cosity but on the solute—solvent interactions in the short/OPY cannot be explained either by the free rotor model or by
the hydrodynamic model. The activation energy of the spin-

range.
g ning motion is~3 times smaller than that of the tumbling
. motion.
C. Anisotropy For the tumbling motion, the solvent dependence is dis-

In this Section’ we will compare the observed rotationa|cussed in terms of the SIOpeS of the inverse rotational diffu-
anisotropy ratior with the predicted values calculated by the sion coefficient 1D, against solvent viscosity divided by
free rotation model and the hydrodynamic model. Thes  temperaturep/T: the slope is approximately equal to the SE
defined by Eq(10) and is equal to the ratio of the rotational product and represents the effective volume of the solute

correlation timesr,g for the tumbling motion to that for the Which is modified by the solute—solvent interaction. The
spinning. slopes in polar solvents are twice as large as that in such an

For an isolated molecule in dilute gas, the rotational Cor.ﬁpOlar solvent as carbon tetrachloride. The difference in the
relation timeTFR(i) for | =2 is calculated from the moment Slope is qua”tatively explained in terms of the dielectric fric-

of inertial; and the temperaturg*® tion model based on the hydrodynamic continuum model.
The slope for acetonitrile is compared with those for such an
. ™ li ion as the nitrate ion, such a hydrogen bonding molecule as
D=2 VigT @7 d such lar molecule as b he dielec-
2v3 VkgT water, and such an apolar molecule as benzene. The dielec

) ) o ) tric friction effect of the nitrate ion in methanol is much
wherei denotes the tumbling and the spinning motions andarger than that of the dipolar and neutral molecule acetoni-
kg is the Boltzmann constant. The moments of inertia of thyjje The hydrogen-bonding effect on the rotational motion
tumbling %nd spinning modes for GON are 106.8 and g |arger than the dipolar interaction. The apolar solute ben-
91.2x10 "'kg e, respectively, and ther predicted from  ;one has a different solvent dependence. The solvent effect is
Eq. (27) is ~3.3, in disagreement with the experimental 5irongly dependent on the type of solute—solvent interac-
value ~9. This large discrepancy indicates that the tumbling;jg,g.
motion is dumped more strongly than the spinning motion ko the spinning motion, the large diffusion coefficient
due to the _mteractlon with the surrpundlng molecules._ in water is explained by the hydrophobic hydration shell

According to the hydrodynamic model, the rotational 5rynd the methyl group. In such apolar and heavy solvent as
correlation time is proportional to the rotational friction €o- 4rhon tetrachloride, a large diffusion coefficient is observed

efficient. In this case, as calculated from E¢5) to (19), g0, These two results indicate that a molecule in the solva-

the ratio of the friction coefficients of the tumbling to the iy shell which is formed by heavy molecules or is rela-

spinning motions is about 1.2. Even if the dielectric friction tively rigid can reorient with a weak friction.

coefficient is considered, the effect is no more than a factor

of 2.5. This shows that the hydrodynamic model prediCtSACKNOWLEDGMENT
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