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TEMPERATURE DEPENDENCE OF ROTATIONAL DIFFUSION IN CH2C12
Key Words: Molecular Reorientation, Rotational Correlation Times
A. A, Rodm’gueza and M. Schwartzb

Department of Chemistry
North Texas State University
Denton, Texas 76203

ABSTRACT

Various a priori theoretical models have been utilized to
predict the temperature dependence of reorientational correlation
times of the C-H and C-C1 vectors in liquid CH2C12.

It was found that rotational times calculated by the Hu-
Iwanzig slip model were a factor of two shorter than experimental
values. Correlation times predicted via the Hynes-Kapral-Weinberg
theory showed improved agreement with measured rc's, particularly
TC(C-C])- However the best results were obtained by using the
Gierer-Wirtz microviscosity model to characterize the 'tumbling'
motion, while assuming that 'spinning' about the unique axis is
inertially controlled free rotation. With this model, the agree-
ment between theoretical and experimental correlation times was
gquite satisfactory for both the C-H and C-C1 vectors at all
temperatures.

INTRODUCTION
In a recent investigation of the temperature dependence of

13C NMR relaxation in CH2C1 1 it was found that the J-Extended
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Diffusion theoryz’3 provided a consistent explanation of the mea-
sured dipolar and spin-rotation relaxation times ( TlDD(13C-H)
and Tisp ). Specifically, angular momentum correlation times,
13, calculated from reorientational times, tc, via the model
predicted spin-rotation relaxation times that were in reasonable
agreement with experimental values of Tiqp.

However, in a subsequent study of 13C Ti's of dichloro-
methane in so]ution,4 the Extended Diffusion model was not
consistent with the experimental data. Therefore, several a pri-
ori theories of rotationd were utilized to calculate rotational
correlation times which were compared with experimental t.'s
determined from Tynp(13C-H). One of these models provided
a consistent explanation of trends in t., particularly in Lewis
basic solvents.

In order to determine the applicability of these theories to
molecular reorientation in dichloromethane, we have utilized the
various models to calculate correlation times for rotation of both
the C-H and C-C1 vectors in CHpClo as a function of temperature.
Below, the results are compared with experimental 1.'s determined
from 13¢ dipolar Ty's ( tc(C-H) )1 and from 35C1 quadrupolar
T1's (tc(C-C1) ).B

RESULTS AND DISCUSSION

Although dichloromethane is an asymmetric top molecule, two
of the components of its inertia tensor are quasi-degenerate7 as
are two of the semi-axes of its volume elh’psoid.8 Therefore,
its reorientation is often approximated as that of a prolate
symmetric top, with a ratio of minor to major semi-axes,p= b/a =
0.67 .5 Within the stricture of this approximation, the unigue
axis is parallel to the C1-Cl vector, and the C-H and C-C1 vectors
Tie at 90° and 34°, respectively, relative to the top axis.8

Presented in the first row of the Table are the experimental
correlation times (interpolated to 25°C), Tc(90°)=rc(13c-H)1 and
Tc(34°)=1t(35C]),6’9 and their respective activation energies.
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TABLE

Experimental and Calculated Reorientational Correlation
Times and Activation Energies in Dichloromethane

[ [

1]

w (90°)° |E,(90°) [P |« (34°)° [E,(34°)

[ps] [kcal/mol] [ps] [kecal/mo

Expem’menta]a 0.59 1.91 1.03 1.94
Hu-Zwanzig/Free Rotor 0.33 1.39 0.48 1.65
Hynes-Kapral-Weinberg 0.89 1.40 1.11 1.59
Microvisc/Free Rotor 0.71 1.76 1.08 1.59

8orrelation times at 25°C

13

bFrom C-H dipolar relaxation times (Ref. [1])

35

“From °°C1 quadrupolar relaxation times (Ref. [6])

The temperature dependences of the experimental correlation times
are also displayed in the Figure. As seen in the Table, the two
activation energies are almost equal, but 7.(34°)>1.(90°), by
approximately a factor of 1.7. It was noted in the earlier studyl
that this ratio lies within experimental error of the maximum cal-
culated value, tc(34°)/1c(90°) = 1.55, which is obtained only
if the reorientation is highly anisotropic, i.e. if Dz/Dy>>1 ;
D; and Dy are the two diffusion constants for rotation parallel
and perpendicular to the unique axis.

The first theory of anisotropic rotation was formulated by
Perrin,10 who solved the Navier-Stokes hydrodynamic equation
using the 'stick' boundary condition and obtained expressions for
Dy and D; in symmetric top molecules. Utilizing Eq. [2] of
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FIG. Temperature dependence of correlation times.

Tc(90°): (A) experimental; (B) Microvisc/Free Rotor;
(C) Hynes-Kapral-Weinberg

Tc(34°): (D) experimental; (E) Microvisc/Free Rotor;
(F) Hynes-Kapral-Weinberg

Ref. [4], one finds for CH2C12 at room temperature that
Dy=2.5x1010 s-1 and D,=3.0x1010 s-1. Then, using the

standard equationll relating tc to Dy, Dz and the angle, @

(e.g. Eq. [7] of Ref. [1]), the calculated correlation times are
1c(90°)=6.1 ps and 1c(34°)=6.5 ps. Clearly, these values are
much longer than the experimental tc's by as much as an order of
magnitude, as has been found in most reorientation studies of
small to moderate size molecules.b
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Hu and Zwanzigl? commented that the failure of Perrin's
model to describe adequately the reorientational dynamics of many
systems probably results from application of the 'stick' boundary
condition. They solved the Navier-Stokes equation numerically
using the alternative 'slip' boundary condition (i.e. zero tan-
gential stress) and obtained an expression for Dy of symmetric
top molecules (e.g. Eq. [2] of Ref. [4]). In the 'slip' limit,
there is no friction retarding rotation about the top axis.
Therefore, this motion is inertially controlled, and D; can be
calculated from the 'Free Rotor' correlation time (Eq. [4] of Ref.
[41) by Dz=6(x2)7g.

Utilizing the combined Hu-Zwanzig/Free Rotor approach, we
have calculated the diffusion constants, Dx and D;, and from
them, the correlation times, tc(90°) and tc(34°), in CH2Cl2
as a function of temperature.

Although not shown in the Figure (to avoid congestion), the
room temperature values and the activation energies are presented
in the Table. The correlation times calculated via the 'slip'
model are clearly an improvement over those determined from Per-
rin's 'stick' equations. However, the agreement with experiment
is far from quantitative. One sees that both 1¢(90°) and tc(34°)
are roughly a factor of two shorter than the experimentally mea-
sured times; the same inequality is found at all temperatures.
This result suggests that although the 'slip' boundary condition
is more realistic than the 'stick' limit, the molecular frictional
forces actually lie somewhere between the two extremes.

Hynes, Kapral and Weinberg (HKW),13 noting the failure
of either of the above approaches to quantitatively characterize
reorientation, formulated a model which incorporates a slip coef-
ficient, B, into a modified boundary condition. They also pre-
sented a method by which g may be estimated from Enskog collision
theory. Although originally developed for spherical particles,
the HKW model has been extended in an intuitive fashion to symmet-

,15

ric top molecules by Tanabe.1
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Using the equations and methodology of Refs. [4], [14] and
[15], we have calculated the temperature dependence of rotational
diffusion constants and correlation times in CHyClp.

As seen in the Table, the calculated room temperature corre-
lation time for C-Cl1 vector, 7t:(34°), is fairly close to the ex-
perimental value. The calculated activation energy is somewhat
lower than the measured E;. However, from the Figure, one ob-
serves a reasonably close agreement between theory and experiment,
within 3% to 8% at all temperatures. The agreement, though, is
Tess satisfactory for rotation of the C-H vector, 7<(90°). From
both the Table and Figure, it is seen that 1.'s calculated from
the modified HKW model range from 30% to 50% greater than the ex-
perimental times.

Another approach that lies between the purely 'slip' and
'stick' 1imiting cases has been suggested by Gillenl6 and
Griffiths.17 They have noted that in many symmetric top mol-
ecules, 1) the tumbling rotation of the top axis, Dy, is diffu-
sionally controlled and well characterized by the microviscosity
model of Gierer and Wirtz,18 whereas 2) rotation about the
axis, Dz, is basically that of a Free Rotor (vide supra).

The Gierer Wirtz expression for the rotational diffusion

C t is:
onstant is 1 kT

D=
wa 8ra’n

n is the solution viscosity. For neat liquids, wa=(6.125)'1.

The original development was for spherical molecules in which case
'a' is the molecular radius. However, in applying the model to
the tumbling motion of a symmetric top, it is intuitively more
reasonable to take 'a' to be half the length of the symmetry axis.
For dichloromethane, assuming an average radius, r=(ab2)1/3
=2.375 R,19 and an axial ratio, e=b/a=0.67,5 one finds
that a=3.10 A.

Using the above equation for Dy and the Free Rotor expres-
sion for D;,20 we have calculated reorientation times of the
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C-H and C-C1 vectors at various temperatures in the liquid phase.
As seen from both the Table and the Figure, the combined Microvis-
cosity/Free Rotor approach predicts values of 1¢(34°) that are
surprisingly close both to those calculated with the HKW model and
to the experimental results. However, one sees also that calcu-
lated reorientation times of the C-H vector, 1.(90°), are in

much better agreement with experiment than those predicted by the
HKW approach.

We wish to comment also that even though the two models yield
values of 1.(34°) that are close to equal, their descriptions of
the molecular reorientation of CHpClp are actually quite dif-
ferent. Specifically, diffusion constants obtained from the HKW
theory at room temperature are: Dy=13.4x1010 s-1 and
0,=25.9x1010 s-1. 0n the other hand, the Microviscosity/

Free Rotor model yields: Dy=8.3x1010 s-1 and

D,=92.5x1010 s-1. Thus, the latter approach predicts that the
reorientation is highly anisotropic (i.e. Dy>>Dyx) in agreement
with experimental NMR results.l»8

In summary, it has been found that both the HKW and Microvis-
cosity/Free Rotor theories provide a more realistic characteriza-
tion of the temperature dependence of reorientational correlation
times in CH2Clp than does the purely 'slip' model of Hu and
Zwanzig.12 In addition, the latter of the two models provides
a better estimate of rotational times of the C-H vector, tc(90°).
However, it would be inappropriate to conclude that the Microvis-
cosity/Free Rotor approach is in all respects superior since, un-
Tike the HKW theory,13 it fails to adequately explain the solvent
dependence of rotational times in dichloromethane.4
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