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Abstract

X-ray crystal studies yield similar anisotropic dis-
placement parameters (ADPs) for the two chemically
equivalent para tert-butyl groups in 2,2',4,4'.6.6'-
hexa-tert-butylazobenzene (C;sHssN,) at 100 K.
As the temperature rises, however, the ADPs
increase more rapidly for one para group than for
the other. Both para substituents have consistently
larger libration amplitudes than those in the more
crowded ortho positions. We have analyzed the
ADPs with an internal-motion model which gives
libration amplitudes for the rert-butyl groups at 100,
115, 128, 173, 200, 223 and 295 K. The results are
consistent with rotational barriers for the six differ-
ent groups of about 7 to more than 50 kJ mol ™ !; at
higher temperatures one of the para groups is best
described by a twofold-disorder model. The low
apparent barrier for this group and the dis-

* To whom correspondence should be addressed.
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appearance of the disorder on cooling both suggest
that the disorder is dynamic. Potential-energy calcu-
lations are employed to propose models for the
hindering potential and for further disorder at room
temperature. These calculations support the relative
magnitudes of the barriers and the degree of disorder
inferred from the X-ray diffraction data.

Introduction

For some time we have been studying internal
motion in molecules in crystals, especially torsional
oscillations, and have attempted to estimate barriers
to such motion (Trueblood & Dunitz, 1983;
Maverick & Dunitz, 1987). Molecules that contain
chemically equivalent but crystallographically
inequivalent groups that undergo internal motion are
useful in testing the validity of such estimates. Stud-
ies over a range of temperatures can help to distin-
guish static disorder from motion of parts or all of

© 1991 International Union of Crystallography
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the molecule. Comparison of the barriers to such
motion (which can be inferred from the amplitudes
of the motion) with the results of packing-energy
calculations should indicate whether the derived bar-
riers are consistent, at least with presently used
potential functions for interatomic interactions in
crystals. If this approach is valid, it might be helpful
in modifying such potentials.

To this end, we have reinvestigated at various
temperatures from 100 to 295 K the structure of
2,2',4,4',6,6'-hexa-tert-butylazobenzene (1). In the
solid state, the six tert-butyl groups are in six differ-
ent environments, while in solution there is rapid
motional averaging of the different environments
even down to about 210 K, such that only the
difference between the ortho and the para groups can
be discerned (Barclay, Dust, Brownstein & Gabe,
1981). Thus this molecule offers an almost unique
opportunity to study the motion of an internally
librating group at once in chemically and crystallo-
graphically different environments and over a range
of temperatures.

The crystal structure of (1) at 115 K was reported
by Le Page, Gabe, Wang, Barclay & Holm (1980).
The molecule has an approximate twofold axis; the
two aromatic rings are distorted, and are twisted out
of coplanarity (Fig. 1, dihedral angle 69°) to accom-
modate the crowded ortho substituents, so that these
four chemically equivalent groups differ in their
inter- and intramolecular close contacts. The two
para substituents are more similar and less crowded
within the molecule, yet are also in significantly
different crystal environments. Le Page et al. (1980)
reported that at room temperature the para groups
are disordered; at 115 K they found that the disorder
disappears. Even at 115 K, however, the anisotropic
displacement parameters (ADPs) of the methyl C
atoms in the para groups are larger than those in the
ortho substituents, and those of the two para groups
also differ appreciably from each other. This is evi-
dent on inspecting the published equivalent isotropic
B values: the averages are 5-9 and 3-5 A2 for the para
methyls, and 2-8, 2-8, 2:7 and 3-2 A? for the ortho
methyls, respectively.

We have studied the changes in the ADPs with
temperature over the range 100 to 295 K, and have
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analyzed the ADPs with a model for libration
(Dunitz & White, 1973; Dunitz, Schomaker &
Trueblood, 1988) that allows each of the six tert-
butyl groups (attached rigid groups, ARGs) to move
independently with respect to the aromatic system
(MAIN) to which it is attached. We have tested a
simple sinusoidal model (Trueblood & Dunitz, 1983)
for the rotation of the tert-butyl groups over the
entire temperature range and have also examined the
consistency of the model with atom-atom potential
calculations (Gavezzotti, 1985).

Data collection

The space group is Pbca, with one molecule of (1) in
the asymmetric unit (see Table 1 for crystal data).
Data were collected for one crystal at (in chronologi-
cal order) 128, 173, 223 and 295 K, and for a second,
somewhat larger, crystal at 295, 200 and 100 K. The
100 K data set was taken on a Huber diffractometer
constructed by C. E. Strouse of this department; for
all others a Picker FACS-1 instrument modified by
Strouse was used. When we attempted to cool the
second crystal to about 15K, it split cleanly along
the (001) face; we were unable to collect data below
100 K, although peaks were centered and scanned at
several lower temperatures.

Refinement

The structure of Le Page et al. (1980) was confirmed
with our 128 K data; thereafter, at each temperature,
refinement was initiated with the starting coordinates
from the 128 K analysis. All non-H atoms were
numbered in the order given by Le Page et al. (1980).
A modified version of SHELX76 (Sheldrick, 1976)
was used for all full-matrix least-squares refinements,
based on F, using reflections with F,> 30(F,) and
1/0* weighting. Except for the disordered regions at

Fig. 1. Stereoview of (1) in the crystal, with the atomic numbering
scheme; for clarity, the numbers of some ring atoms are omit-
ted. No H atoms are shown.



274

ROTATION BARRIERS IN CRYSTALS

Table 1. Crystal data and refinement parameters

Space group Pbca, M, = 518-84, F(000) =2304, Z=8, 1 =0-30cm™ 5 0<h< 19,0 <k <20, 0</<27,0< 28 < 50° (A, = 20 for crystal 2, 295 K).

Crystal |
0-50 x 0-25 x 0-30 mm

T (K) 128 173 223
a(A) 16-563 (3) 16-632 (3) 16772 (3)
b(A) 17-346 (3) 17-330 (3) 17-350 (3)
c(A) 23-104 (9) 23150 (4) 23-286 (4)
V(A% 6638 6673 6776
D, (gem™?) 1-038 1-033 1017
Measured reflections 6567 6512 7219
Unique reflections® 5852 5890 5966

erse 0141
F>3c(F) 2529 2368 2251
Model® 1 1 2 2
Parameters refined 343 343 353 353
R 0-109 0113 0-106 0118
wR 0091 0094  0-088 0-094
N 1-78 1-88 176 1-88
Peaks”

Maximum 0-37 0-36 0-45 0-36

Minimum -036 =035 -0-32 -0-37
Occupancy 1-00 100  0-84¢ 0-74¢

Crystal 2
0-50 x 0-50 x 0-30 mm
295 100 200 295
16-802 (5) 16:495 (2) 16:639 (4) 16-819 (5)
17:307 (4) 17-360 (2) 17-290 (4) 17-320 (5)
23-302 (6) 23009 (4) 23-176 (5) 23-269 (7)
6776 6589 6667 6678
1-017 1-:046 1:034 1-017
6588 11326 6498 6592
5969 5809 5885 5974
0-086
1989 4091 3129 2840
2 1 1 2 2 3
353 343 343 353 353 363
0-155 0-094 0-101 0093 0116 0114
0-122 0-096 0-094 0085 0100 0-098
2:24 2-85 1-97 1-80 2:04 2:01
0-41 0-36 0-53 0-26 030 033
-0-36 -0-36 -033 =027 -028 -033
0-69¢ 1-00 1-00 086 0727 0-7240-91¢

Notes: (a) excluding space-group extinct refiections; (b)) model 1 fully ordered, model 2 disorder at C13-C15, model 3 disorder at C1 3-C15 and at C32-C34;

(c) peak heights in final difference map (¢

A~3); (d) occupancy of major conformer at C13—C15 (sum of major and minor occupancies = 1-00): (¢) occupancy

of major conformer at C32-C34 (sum of major and minor occupancies = 1-00).

higher temperatures (see below), all C and N atoms
were refined with anisotropic displacement param-
eters. H atoms were refined as parts of rigid methyl
groups, or riding (Sheldrick, 1976) on the attached
aromatic C atom. The displacement parameters for
H were fixed, and were adjusted in the last cycles to
0-01 A% more than the equivalent isotropic U value
for the attached C atom (C—H distance 1:08 A).

Atomic scattering factors were taken from Interna-
tional Tables for X-ray Crystallography (1974, Vol.
IV). All calculations were performed on DEC VAX
11/750, VAX 3100 and VAX 11/780 computers with
the UCLA Crystallographic Package (1984) (includ-
ing locally edited versions of CARESS, PROFILE,
ORTEP and SHELX), a local molecular-geometry
program (MG89), THM A1 (Dunitz et al., 1988) and
PLUTO78 (Motherwell & Clegg, 1978).

With the first crystal, at 223 K, the final difference
map showed significant peaks about midway
between the methyl C atoms in one of the para
tert-butyl groups, C12-C15, although no such peaks
were evident at 128 or 173 K. Similar peaks were
found, however, even at earlier stages in the
refinement for the second crystal at 200 K (although
not at 100 K), and for both crystals at room tem-
perature. A disorder model, described as follows,
was then used for C13, C14 and C15 for the 173,
200, 223 and 295 K data sets. Two groups of methyl
C atoms, C134-C154 and C13B-C15B, were kept
nearly rigid by adding restraints (Sheldrick, 1976);
bond distances to C12 were restrained to about
1:54 A and Cyp*Ce distances within each group to
about 2-50 A. The relative occupancies were first
refined, keeping isotropic displacement parameters
(DPs) constant; thereafter the occupancies and the
DPs for the ‘minor’ group were kept fixed, and

ADPs were refined for the ‘major’ group. H atoms
for both conformers were placed in calculated posi-
tions after convergence. After thermal-motion analy-
sis (see below) a similar disorder model was
introduced for the other para tert-butyl group,
C31-C34, at 295 K. Table 1 shows the effect of the
disorder models (data at 173, 200 and 295 K) on the
refinement parameters. The effect of introducing dis-
order at C32-C34 (at 295 K) is slight, but significant
at the 0-005 confidence level (Hamilton, 1965).

Fig. 2 shows the thermal ellipsoids at 173 K,
before a disorder model was introduced. The
difference between the para groups at this tempera-
ture is evident.

Fig. 2. View of (1) at 173 K. Orientation is the same as in Fig. 1.
Thermal ellipsoids are drawn at the 50% probability level
(Johnson, 1976).



MAVERICK, MIRSKY, KNOBLER, TRUEBLOOD AND BARCLAY

275

Table 2. Positional and displacement parameters for C and N atoms in 2,2',4,4°,6,6'-hexa-tert-butylazobenzene
at 100 K

‘Displacement parameters’ are commonly called vibration parameters. Units of U; and isotropic U,, are A2 units of each e.s.d., in parentheses, are those of

the least significant digit of the corresponding parameter. Isotropic values are 1/(87?%) times the ‘equivalent B value’ defined by Hamilton (1959). The

anisotropic displacement parameter is defined as: exp [—2-07 (U, ,a**h* + Upb**%k? + Usyc* P + 2:0U ,a*b* hk + 2:0U a*c*hl + 2-0Uyb*c*kl)). Positional
and displacement parameters for H atoms are given in the supplementary material.

X y z Uy Uy Uy, Uy Uy Ueq
Ni 04114 (3)  0-2403 (2) 0-1882 (1) 0-029 (3) 0021 (2) 0-026 (2) 0-000 (2) 0-005(2) -0-001 (1) 0-025
C2 0-3771 (3) 02351 (2) 0-2465 (2) 0024 (3) 0022 (2) 0-025(2) -0-001(2) 0-001 (3) 0-002 (2) 0-024
C3 0-3106 (3) 0:2775(2) 0-2695 (2) 0-021 (3) 0018 (2) 0028(2) -0002(2) -0-00t1(2) -0004(2) 0-022
C4 0-2725(3) 0-2482(2) 0-3185(2) 0024 (3) 0023 (2) 0029 (2) 0002 (3) 0003 (3) -0-001(2) 0:025
C5 0-2993 (3)  0-1803(2) 0:3471 (2) 0-025 (3) 0021 (2) 0020 (2) -0-002(2) -0-001(2) -0-003(2) 0-022
C6 0-3708 (3)  0-1475(2) 0-3268 (2) 0023 (3) 0020 (2) 0-026 (2) —0:005(2) —0-005(3) 0003 (2) 0-023
C7 0-4123 (3) 01731 (2) 02782 (2) 0-025(3) 0-021 (2) 0027(2) -0002(2) -0007¢3) -0-006(2) 0-024
C8 0-2849 (3) 0-3599 (2) 0-2490 (2) 0-025 (3) 0:020 (2) 0-027 (2) 0-002 (2) 0-001 (3) 0-005 (2) 0-024
9 0-3623 (4) 0-4072(2) 02378 (2) 0-031 (3) 0020 (2) 0032(2) -0-005(3) —0001(3) -0-001(2) 0:027
Cio 0-2284 (3) 03586 (2) 0-1952(2) 0-028 (3) 0-022 (2) 0034 (2) -0005(2) -0-004(3) 0-003 (2) 0-028
Ct1 0-2391 (4) 04025 (2) 0-2972 (2) 0-045 (4) 0024 (2) 0-047 (3) 0-005 (3) 0-013 (3) 0-005 (2) 0-039
CI2 0-2542 (3)  0-1503 (2) 0-4004 (2) 0-028 (3) 0023 (2) 0025(2) -0002(3) 0000 (3) -—0-001(2) 0-025
C13 0-2576 (4) 02115 (3) 0-4487 (2) 0-052 (4) 0037 (2) 0-027 (2) -0-008 (3) 0002 (3) -0005(2) 0-038
Cl4 0-1647 (4) 0-1354 (3) 0-3845 (2) 0034 (4) 0036 (3) 0029 (3) -0003(3) -0-002(3) 0-005 (2) 0-033
Cls 0-2904 (4) 0-0754 (3) 0-4243 (2) 0-042 (4) 0-036 (3) 0-033 (3) 0004 (3) -0-002(3) 0010 (2) 0-037
Clé 0-4949 (3) 01357 (2) 0-2631 (2) 0-029 (3) 0-021 (2) 0:024 (2) 0002 (2) 0-003 (3) 0-000 (2) 0-024
C17 0-5611 (3) 0-1975(2) 02557 (2) 0021 (3) 0026 (2) 0-036 (3) 0-000 (2) 0-000 (3) -0-005(2) 0-028
Cl8 0-4892 (4) 0-0847 (2) 02083 (2) 0-026 (3) 0-031 (2) 0-034 (3) 0-004 (3) 0-000 (3) -0-006 (2) 0-030
Cl19 0-5242 (3) 0-0833(2) 03131 (2) 0-023 (3) 0-026 (2) 0-046 (3) 0-005 (3) -—0-002 (3) 0-006 (2) 0-032
N20 0-3589 (3) 0-2438 (2)  0-1485(1) 0023 (2) 0-023 (2) 0-022 (2) 0-001 (2) -0-005(2) -0-002(1) 0-023
C21 0-3916 (3) 0-2257 (2) 00911 (2) 0023 (3) 0021 (2) 0024 (2) 0-004 (2) 0-002(2) -0-003(2) 0-022
C22 04540 (3) 0-2655(2) 00613 (2) 0019 (3) 0024 (2) 0022 (2) -0001(2) 0-001 (2) 0-002 (2) 0-022
C23 04855(3) 0:2301(2) 0-0112(2) 0-020 (3) 0023 (2) 0-025(2) 0-000(2) -0-001(2) 0-001 (2) 0-023
C24 0-4564 (3)  0:1605 (2) —0-0105 (2) 0026 (3) 0019 (2) 0-028 (2) 0-005 (2) 0-002 (3) 0-006 (2) 0025
C25 0-3885(3) 01280 (2) 0-0168 (2) 0018 (3) 0019 (2) 0030 (2) ~0002(2) 0-001 (2) -0-003 (2) 0022
C26 03534 (3) 0-1600 (2) 0-0668 (2) 0022 (3) 0-019 (2) 0026 (2) —0-001(2) -—0-006(3) 0-005 (2) 0-022
C27 0-4826 (3)  0-3489(2)  0-0755(2) 0-022 (3) 0-020 (2) 0-028 (2) 0-000 (2) 0-000 (3) 0-000 (2) 0-023
C28 0-4063 (3) 0-4001 (2) 0-0844 (2) 0-029 (3) 0-020 (2) 0-033 (2) 0004 (3) -0003(3) -0003(2) 0-027
C29 0-5385 (3) 0-3516 (2)  0-1285(2) 0-027 (3) 0022 (2) 0034 (2) 0-000 (3) 0-000 (3) -0-006 (2) 0-028
C30 0-5295(4) 0-3850(2) 0-0245 (2) 0038 (4) 0-026 (2) 0038 (3) —0-006(3) 0-002 (3) -0-001 (2) 0-034
C31 04939 (3) 01259 (2) -00652(2) 0032 (3) 0022 (2) 0021 (2) 0-004 (3) 0000 (3) —-0-002 (2) 0-025
C32 0-5857 (4)  0-1140 (3) —0-0561 (2) 0-025 (3) 0033 (2) 0-030 (3) 0-002 (3) 0002 (3) -0:006(2) 0-029
C33 0-4813 (4) 0-1820 (2) —0-1166 (2) 0-050 (4) 0030 (2) 0-024 (2) 0-010 (3) 0-003 (3) 0-002 (2) 0-035
C34 0-4559 (4) 00476 (2) —0-0822(2) 0-033 (4) 0-024 (2) 0-040 (3) —-0-005(3) 0-007 (3) -0-008 (2) 0-033
C35 0-2734 (3) 0-1248 (2) 0-0900 (2) 0022 (3) 0-022 (2) 0-036 (3) 0-001 (2) 0-001 (3) 0-002 (2) 0-027
C36 0-2063 (3) 0-1868 (2) 00915 (2) 0-023 (3) 0-028 (2) 0-040 (3) ~-0-003(3) 0-000 (3) 0-001 (2) 0-030
C37 02435 (4) 0-0595 (2) 0-0510 (2) 0-025 (3) 0-034 (2) 0041 (3) -0-003(3) -0:002(3) -0-003(2) 0-034
C38 0-2833 (4) 0-0897 (2) 01512 (2) 0:030 (3) 0033 (2) 0034 (2) -0005(3) -0-007(3) 0-008 (2) 0-032

Results believe that the e.s.d.’s of the cell dimensions are not

Final coordinates and ADPs for C and N atoms at
100 K are given in Table 2.* The standard deviations
in positional parameters are of the order of 0-006 A;
even at 100 K, the e.s.d.’s of U are large, typically
about 10% of U, Examination of the cell param-
eters (Table 1 and a plot with the supplementary
material) shows that a and c¢ increase with increasing
temperature while b decreases slightly. Because two
different crystals were used, and because for each cell
axis the largest discrepancies are at 200 or 223 K,
where the other evidence is that the conformational
disorder is increasing rapidly (perhaps dependent on
the rate or direction of temperature change), we

* Tables of atomic positions, displacement parameters, intra-
molecular distances, angles and torsion angles, observed and
calculated structure factors with e.s.d.’s for the stuctures from
crystal 2 at 100, 200 and 295 K, and differences in mean-square
displacement amplitudes, calculated potential-energy curves,
graphs of cell parameters versus T, and a packing diagram have
been deposited with the British Library Document Supply Centre
as Supplementary Publication No. SUP 53591 (119 pp.). Copies
may be obtained through The Technical Editor, International
Union of Crystallography, 5 Abbey Square, Chester CHI 2HU,
England.

valid estimates of the reproducibility of measure-
ments that might be made on different crystal speci-
mens. The greater number of observations available
from crystal 2 leads to a greater nominal precision
for the results with this crystal; even so, treatment of
the disorder (at the higher temperatures) involves
arbitrary choices of model. These are thus not highly
accurate or precise structure analyses.

There is a general increase in ADPs as temperature
rises, but most structural features remain the same at
all temperatures. For example, one methyl C atom in
each para substituent nearly eclipses a ring C atom,
the internal angles in the rings are always larger at
the unsubstituted aromatic C atoms, C4, C6, C23
and C25, than at the C atoms where substituents are
attached, and the dihedral angle between the two
aromatic rings is essentially independent of tem-
perature.

Analysis of displacement parameters

As stated above, the apparent motions of the chemi-
cally equivalent para groups C13—-C15 and C32-C34
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differ markedly in the crystal. The shapes of the
ellipsoids suggest a libration of the tert-butyl groups
about the bonds that attach them to the aromatic
rings, and the larger ellipsoids at C13—C15 indicate a
greater degree of dynamic or static disorder in that
region. The anisotropic displacement parameters
were analyzed with our program THMAll. The
rigid-bond test (Hirshfeld, 1976) indicates, especially
at the higher temperatures, that the ADPs are of
poor quality; differences in mean-square dis-
placement amplitudes (4AMSDAs) along bonded
directions are sometimes considerably larger than
o(ADP).* [The mean o(ADP) is about 0-0025 A2,
while the r.m.s. AMSDA along bonded directions is
0-0049 A2, at 100 K.] A 7-ARG model, with libration
about the N=N bond, shows very little motion of
one ring with respect to the other (about 2 deg?). The
agreement of calculated with observed ADPs is
better if the molecule is treated as two separate
C;sHoN moieties, each consisting of a rigid aromatic
ring with an N atom (MAIN), and three ARGs (the
para and two ortho tert-butyl groups). Table 3 lists
the resulting mean-square libration amplitudes {¢?),
for the six ARGs in the molecule, and the agreement
index R for each analysis.

Looking first at {p?) values calculated from ADPs
from the ‘ordered’ model refinement, we see that (¢
for the tert-butyl groups increases with temperature,
except from 115 to 128 K and from 173 to 200 K.
For refinements with a given crystal, however, i.e.
128, 173, 223 K, only C9-Cl1 appears anomalous,
showing a small decrease between 173 and 223 K,
which, however, is less than one e.s.d. These observa-
tions suggest that the degree of thermal or static
disorder varies from crystal to crystal. When dis-
order is introduced, similar discontinuities are seen:
(¢*)(C13-C15) is smaller at 223 K than at 200, 173
or 128 K. This is no doubt correlated with the
major-conformer occupancy, 84% at 173 K and 74%
at 223 K for crystal 1, and 86% at 200 K for crystal
2. Therefore the calculations and comparisons
described in detail below are based on data from the
second crystal, at 100, 200 and 295K, for which
somewhat better precision is expected.

Because of the size of the molecule, the overall
librational amplitudes, given by the L tensor, are
never large. Even when no internal torsional motion
is allowed for, the largest mean-square amplitude
about any principal axis of L at 295 K is smaller
than 14 deg?, and at 100 K less than 4 deg’>. When
motion of the ARGs is included, the values of L
become even smaller. The magnitude of L along the
axis of any ARG at 100 K never exceeds about 5%
of the mean-square amplitude of the internal motion,

* The table of AMSDA s for crystal 2 at 100 K is included in the
supplementary material.
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and at 200 and 295 K, none exceeds 10%.* The
effect of including the correlations of internal and
overall motion is small: when the ARG amplitudes
are calculated with the Dunitz—White (Dunitz &
White, 1973) model, the changes in the mean-square
ARG amplitudes (from those calculated with the
correlations) are usually smaller than their e.s.d.’s,
and for the larger amplitudes, appreciably smaller.

Fig. 3 is a plot of (¢?) for the C13-Cl15 and
C32-C34 (para) and C36-C38 (ortho) groups at
several temperatures. (The other three rerr-butyl
groups, in more crowded ortho positions, have
smaller (¢?) at all temperatures.) Again, as in Fig. 2,
it is evident that the para groups CI13-Cl15 and
C32-C34 are far from equivalent in the crystal.
Table 3 shows, however, that the introduction of the
disorder modelt (C134-C154 and CI13B-CI15B)
results in ADPs for the major conformer that are
comparable to those for C32-C34. At room tempera-
ture, the analysis is complicated by larger uncertain-
ties (fewer observations, stronger correlations).
Inspection of Fig. 3 and Table 3 suggests that a
disorder model should be considered for C32-C34 as
well, at the higher temperatures, although no signifi-
cant peaks appear in the appropriate positions in the
difference map, even at 295 K. Such a model was
tried, after the calculations described below.

Atom-atom potential calculations

If barriers to librational motion are to be calculated
from the ADP analysis, a potential function is
needed. This potential function will have (at least)
threefold symmetry for an idealized rert-butyl group
whose threefold axis is coincident with the libration
axis. When the rerr-butyl group is attached to a
planar aromatic ring whose two sides are equivalent,
then the potential function will have sixfold symme-
try. In an isolated molecule of (1), assumed to have a
twofold axis (as implied by the view in Fig. 1), the
tert-butyl groups occur in pairs related by the dyad
axis; these pairs thus have the same intramolecular
potential functions. In the actual molecule of (1) in
the crystal, none of these circumstances holds
exactly, even the environment of the para groups
being different.

Analysis of the motion of ters-butyl groups in
other structures with a simple sinusoidal potential

* We have therefore assumed that the correlation term 2(pA"),
which is included with the (¢?) term in the ARG analysis (Dunitz,
Schomaker & Trueblood, 1988; Schomaker & Trueblood, 1990), is
negligible, a result that has seemed justified when the determinable
sum ({2 + 2(pA")) is as large as it is here (especially for the para
groups).

t The position of the minor conformer is related to that of the
major conformer by a rotation of approximately 180° about the
C5—C12 bond.
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Table 3. Mean-square libration amplitudes
(6% (deg?) from THMA11

R =[Zw(AU)/Zwl3,])"% A more meaningful residual, R, evaluated for the

diagonal elements only, was uniformly lower by 20-30%. ‘Whole’ means

for the entire molecule; ‘Half” applies when the molecule is analyzed in two
separate, similar parts (see text).

C13-15 C32-34 C9-11 C17-19 C28-30 C36-38 R

No disorder
100 K° 30(5) 27¢5) 174 174 11@) 234 0-15 (Whole)

27(5) 25(5) 12(5) 9 (4) 8 (4) 14 (4) 0-13 (Half)
115 K® 123 (14) 21 (10) 17 (10) 19 (10) 6(9) 28 (10) 0-26 (Half)
128 K¢ 91 (11) 38(9) 26(8) 10 (8) 11 (8) 299 0-19 (Half)
173 K¢ 276 (20) 56 (10) 36(11) 23(11) 21(9) 399 0-18 (Half)
200K® 244(14) 70(8) 30(8) 23(8) 20(7) 44(7) 012 (Half)
223 K< 406 (23) 127(13) 31(11) 35(11) 29(10) 60 (11) 0-16 (Half)
With disorder at C13-C15
173 K4 80(12) 66(11) 37(8) 27(9) 26 (9) 399 0-16 (Half)
200 K* 86 (9) 75(8) 31(6) 30(6) 22 (7) 41 (7) 0-11 (Half)
223K/ 52(15) 136 (13) 37(10) 39(10) 26 (10) 57 (10) 0-17 (Half)
295 K# 93 (15) 206 (15) 42(10) 62 (11) 31(10) 90 (11) 0-13 (Half)
With disorder at C13-C15 and C32-C34
295K* 76 (15) 116 (11) 44 (10) 64 (11) 28 (8) 89 (9) 0-13 (Half)

Notes: (a) second crystal; (b) parameters from Le Page ez al. (1980); (c) first
crystal; (d) first crystal, 84% occupancy; (e) second crystal, 86% occupancy;
(f) first crystal, 74% occupancy; (g) second crystal, 72% occupancy; (/)
second crystal, 72% occupancy at C13-C15, 91% at C32-C34.

has given rough agreement with the barriers and
force constants determined by other methods
(Trueblood & Dunitz, 1983). With (1), however, it is
not obvious whether the para groups should be
governed by a threefold or a sixfold potential. In Fig.
4 the dependence of the barrier height on the mean-
square libration amplitude and on the selection of
the symmetry of the potential function is shown [for
a more complete discussion, see Maverick & Dunitz
(1987)]. For example, a (¢?) value of 30 deg” at
100 K corresponds to a barrier of about 7 kJ mol ™!
for a sixfold cosine function, and about 20 kJ mol ~’
for a threefold function.
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Fig. 3. Temperature dependence of the mean-square libration
amplitude, {¢?), for the two para groups (C13-C15, C32-C34)
and one of the ortho groups (C36-C38). The open symbols are
for crystal 1 and the darkened symbols are for crystal 2. Values
at 115 K were determined from ADPs in Supplementary Publi-
cation No. 35499. Error bars represent a range of =1 es.d.
Dashed lines are least-squares fits to all the points for a given
tert-butyl group; they are drawn to help the reader group the
points and also because, as a first approximation, (¢2) is
proportional to T at higher temperatures (Dunitz et al., 1988).
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In the crystal, the molecules are arranged in layers
perpendicular to b, with the long (para—para’) axis
approximately parallel to c; as temperature rises, the
increases in @ and ¢ permit b to decrease slightly
(Table 1). The molecular environment in the crystal
is illustrated in part in Fig. 5, where one can see that
the surroundings of the para groups are different.
More quantitative assessments of the packing,* and
tests of the applicability of the idealized sinusoidal
potentials described above, were made by calculating
the non-bonded energy as a function of rotation
angle of a rigid tert-butyl group turning in a static
field (Gavezzotti, 1985). The crystal structures were

* A packing diagram is included in the supplementary material.
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Fig. 4. The relation between mean-square libration amplitude,
{¢?), for threefold and sixfold cosine potentials and the dimen-
sionless variable RT/B, with B the barrier height. For example,
at 100K, RT =831 Jmol™!; {¢?) = 30 deg? corresponds, for a
sixfold potential, to a B value of about 8RT, or nearly
7kJmol™', and, for a threefold potential, to about

20 kJ mol ~', The values of (¢?) were calculated by Boltzmann
averaging (Maverick & Dunitz, 1987); numerical integration
was carried out by means of the Gauss approximation (Smith,
1986).

Fig. 5. The surroundings of the molecule in the crystal. In
molecule (I), the orientation is similar to that in Figs. 1 and 2,
with darkened ellipsoids for the C13-C15 (upper) and C32-C34
(lower) groups. The near neighbors shown are (I1) x, %—y, 3+ 2z
D x-1,p5,3-zAV)i-xy— 5z (V) x1-»z-3 (VD)3
+x, 35—y, —z and (VII) | —x, —y, —z [behind molecule (I)].
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analyzed as follows: all molecules within a 7:00 A
radius of the asymmetric unit were included; all
non-bonded interactions within a 7-00 A radius
(except those within the rotating rigid group) were
included. Positions from the X-ray studies of the
second crystal at 100, 200 and 295K were used
without modification (with a few exceptions noted
below), with the appropriate cell parameters. At the
two higher temperatures, the ‘crystal’ was a cluster of
major conformers.

Fig. 6* shows the calculated potentialf for a com-
plete rotation for each of the two para groups at
100 K. Near the observed positions (rotation angle
zero), the curves for the two groups are quite similar.
The maxima are doubtless too high, since no
readjustment of atomic positions, either in the
rotating group or in adjacent molecules, was
allowed. Rotations of the ortho groups (not illus-
trated) are quite different from those of the para
groups in symmetry and in energy: C17-C19 and
C36-C38 show approximate threefold symmetry and
maxima of more than 50 kJ mol ™!, while C9-Cl11
and C28-C30 give a threefold pattern (with slight
dips near 60, 180 and — 60°), and maximum energies
more than 100 kJ mol~! above the minimum. Thus,
unrealistic as the barrier heights may be, the calcula-

* Individual inter- and intramolecular curves are included in the
supplementary material.

+ The precision of the calculated energy was estimated to be of
the order of 1-2kJ mol~'. This estimate was made in several
ways, by recalculating the energy after: (a) altering three or four
atomic positions by the amount of the e.s.d. from the X-ray
analysis (Table 2); (b) at 100 K by using idealized H positions
calculated from the final C and N coordinates in place of H
positions obtained from rigid-group refinement; and (c) at 200 K
by comparing the molecule from the no-disorder refinement with
two disorder models, one with fixed C:--C distances in the rigid
groups of 250 A, the other with distances of 2:48 A. The maxi-
mum deviation in the energy near the minimum was about
2 kJ mol~'. Rotation of a methyl group within a (fixed) para
tert-butyl group alters the energy near the minimum by as much as
1-8 kJ mol ™.
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Fig. 6. Difference in non-bonded energy, the sum of intra- and
intermolecular components, for the two para tert-butyl groups
(at 100 K) as a function of rotation from the position found in
the crystal (0°). The crystal environment is static for this
calculation.
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Table 4. Difference in non-bonded energy (kJ mol™")
between conformers (rotated by approximately 180°)
as a function of temperature (K)

Intramolecular non-bonded interactions plus intermolecular interactions
give the total non-bonded energy.

C13-CI5 C32-C34
Potential-energy Potential-energy
calculations From calculations From
Intra Inter Total occupancy’ Intra Inter Total occupancy”
100 K 2 N 7 4 11 15
200 K° 0 2 2 3 2 8 10
295 K¢ 0 1 1 2 4 N 9 6

Notes: (a) method of calculation used was %minor/%major =
exp(— AE/RT); (b) after refinement with disorder at C13-C15; (c) after
refinement with disorder model for both groups.

tions indicate that the para groups can rotate much
more freely than the ortho substituents, which follow
a threefold potential, with the barriers for C36-C38
and C17-C19 lower than those for C28-C30 and
C9-Cl11.

The potential for the para groups (Fig. 6) deviates
somewhat from threefold symmetry because the
three Ca,—C,..,m—Cwmec angles are not identical: the
angle for the methyl group that eclipses the aromatic
carbon in the conformation found in the crystal is
113°, while the other two are 110°. (This is true for
each of these two groups, essentially independent of
temperature.) Consequently, when the rert-butyl
group is rotated 120 or —120°, with no change
allowed in the C,,—C,,,—Cu. angles, the calculated
energy is higher because the eclipsing methyl is closer
to the atoms of the aromatic core. When these bond
angles are adjusted as the rotation proceeds, a situa-
tion presumably much closer to what actually occurs
in the crystal, the threefold-related energy minima
are more nearly equal (within about 2 kJ). Near
—180° (see Fig. 6; the actual calculated minimum is
at about — 165°), where again the larger Co,—C,.,,—
Cue. angle is in an eclipsing position, the non-bonded
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Fig. 7. An idealized potential function for rotation of the para
tert-butyl groups, constructed from cosine functions with three-
fold and sixfold symmetry. The approximate barrier heights
(and resulting well width near the minimum) come from ADP
analysis, and the energy differences between conformers from
the potential-energy calculations.
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Table 5. Rotation of tert-butyl groups: calculated barriers (kJ mol ')

Barriers are estimated from mean-square libration amplitudes (see Fig. 4 and Table 3).

CI13-C15 C32-C34 C9-Cl1 C17-C19 C28-C30 C36C38

Sym* 6 3 6 3 3 3 3 3
100 K 7 23 7 25 60 86 101 50
115 K* 2 7 9 37 46 40 179 27
128 K 3 10 6 20 32 97 86 29
173 K 5 14 7 20 31 50 55 29
200 K 6° 16 6 18 42 44 60 32
223K 9¢ 28 4 12 39 37 56 26
295K 9¢ 26 7 18¢ 44 31 69 23
Error? O] ) ©} ()] (10) (10) (20) 4

Notes: () 6 assumes a sixfold sinusoidal potential, 3 assumes a threefold sinusoidal potential; (b) using ADPs from Supplementary Publication No. 35499;
(c) major conformer, see text; (d) representative propagated errors are shown for the 295 K analysis. Note that the higher barriers are very imprecise,
because they correspond to small values of the libration amplitudes; see Table 3. The highest barriers may have errors of 50% or more.

energy for C13—C15 is only about 7 kJ mol ™' higher
than at 0°, while the corresponding difference for
C32-C34 is more than twice as large. (The sixfold
subminima near *60° are also lower for C13-Cl15
than for C32-C34, and are nearly equal in energy to
those at about — 180° if the bond angles at C,,, are
adjusted.) The differences near — 180° are chiefly due
to intermolecular interactions (Table 4). Thus, these
energy calculations suggest that the net effective field
‘felt’ by the librating rert-butyl group has six wells,
three (0, +120, —120°) with the energy of the
observed structure and three (—180, —60, +60°)
corresponding to the other conformer with an energy
approximately 7 kJ mol ™! higher for C13-C15, and
15 kJ mol ™! higher for C32-C34. Fig. 7 shows such a
potential; the wells have approximately the same
width near the minimum as those in Fig. 6.

As the temperature rises, the calculated energy
difference between conformers at the para positions
decreases. For example, the energy at 200 K of the
minor conformer C13B-C15B in a cluster of major
conformers, whether its coordinates are obtained
from the X-ray analysis or by calculated rotation in a
cluster of major conformers, is only about
2kJmol ™' higher than that of the pure ‘major’
form. [Note that, under the rotation we are discuss-
ing, at 200 and 295 K the only (refined) differences
between the three methyl groups, C13, C14, and C15,
are the Co—C,,,—Cpye. angles and the C,,—Ca,—
Cerr—Cwme torsion angles, since the Cye—Ceri—Chte
distances and angles were fixed, and H positions
were calculated after convergence.]

The differences in the minima alluded to in Fig. 7
are summarized in Table 4. They are consistent with
an ordered structure at 100 K and the presence at
200 K of the higher-energy conformer in appreciable
amounts for C13-Cl15, but not for C32-C34.

At room temperature, however, a significant pro-
portion of the minor conformer at C32—-C34 may be
prescnt. We thercfore included C32B-C34B (as
described above for C13-C15 under Refinement) in
the X-ray analysis of the room-temperature data for
crystal 2. The results were slightly better after intro-

duction of the disorder (see Table 1), and the ADPs
of the major conformer gave a much lower (¢?) value
for C324-C344, nearer to (¢?) of CI34-C154
(Table 3).

An additional check on the potential-energy calcu-
lations is provided by the relative occupancies of the
two conformers at a given temperature. Energy
differences calculated from the occupancies are given
in Table 4 for 200 and 295 K. For C13-Cl15 they are
not significantly different from those resulting from
packing-energy calculations; for C32-C34, the
occupancies suggest a slightly, but hardly signifi-
cantly, lower energy difference.

Concluding remarks

Barrier heights hindering rotation of the tert-butyl
groups in (1), estimated from ADP analysis, are
shown in Table 5. Data from both crystal 1 and
crystal 2 have been included. The barriers assuming a
threefold potential are higher for ortho than for para
substituents, and are lower for C36-C38 than for the
other ortho groups. This agrees with the trend sug-
gested by the potential-energy calculations discussed
above, except for C17-C19, which according to the
calculations should behave like C36-C38. The ADP
analysis does not distinguish clearly between the para
groups at 100 K, nor at higher temperatures after
disorder has been introduced. The difference between
themn may be explained if the rotation is governed by
a potential like that in Fig. 7, such that a methyl C
atom may nearly eclipse either of the neighboring
unsubstituted ring C atoms. Calculations indicate
that the two conformations have approximately the
same inframolecular energy, but that the packing
favors one conformer at each para position. As the
temperature rises, the conformers at CI13-Cl15
become nearly equal in energy and the barrier is low
enough (about 7-9 kJ mol ~') that a sizeable propor-
tion of the higher-energy conformer may be present,
even at temperatures as low as 200 K. At C32-C34,
however, one conformer is still highly favored even
at 295 K, suggesting that at lower temperatures the
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potential has effective threefold symmetry, with a
barrier near 20 kJ mol ..

To be sure, the poor quality of the ADPs in these
structures limits the precision of the barrier heights
calculated from them, and the arbitrary choices in
disorder-model refinement limit the precision of the
energy differences calculated from non-bonded
potentials. Nevertheless we are encouraged by the
complementary and consistent results from potential-
energy calculations and from ADP analysis to conti-
nue looking at crystal structures containing librating,
possibly rigid groups that are chemically but not
crystallographically equivalent. We plan to study (1)
and related molecules using low-temperature solid-
state >C NMR, and plan also to make variable-
temperature crystal structure analyses of other com-
pounds with terz-butyl and similar substituents.

We are grateful to the National Science Founda-
tion (grant CHE 86 15702) for support of this work.
Professor Jack D. Dunitz and Professor Carolyn P.
Brock made helpful comments on the manuscript.
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Abstract

Synchrotron radiation high-resolution powder dif-
fraction has been applied to determination of the
unit-cell parameters of n-alkanes in the range C,sHj;
to C,sHsg. The data confirm the previously reported
results for C,sHss, CaoHaa, CosHyg and C,sHs,. With
the exception of C,4Hso and CyeHss,, these data sup-
port the predictions made for the other homologues
in this series by Nyburg & Potworowski [Acta Cryst.
(1973), B29, 349-352] i.e. C;gHsg, CyoHayy and CyHye
— triclinic unit cells (Z = 1), C,3Hsg — monoclinic unit
cell (Z = 2), and C19H40, C21H44, C23H43, C25H52 and
Cy;Hs¢ — orthorhombic unit cells (Z=4). In con-
trast, C,4Hso and C,¢Hs, are found to have lattice
parameters consistent with a triclinic (pseudo-
monoclinic) unit cell containing two molecules poss-
ibly arranged in a polytypic conformation of two

* Also at SERC Daresbury Laboratory, Warrington, WA4 4AD,
England.

0108-7681/91/020280-05$03.00

triclinic (Z=1) unit cells related by a pseudo-
twofold axis.

1. Introduction

The structures of n-alkanes (C,H,, . ») in the range 10
<n<36 are of fundamental and technological
importance. The first structural studies on the n-
alkanes are probably due to Miiller (1928, 1930,
1932). Lattice parameters have been measured for
CisH;s (Miller & Lonsdale, 1948), C,oH,,
(Crissman, Passaglia, Eby & Colson, 1970), C,3H
(Retief, Engel & Boonstra, 1985a,6) and C,sHs;
(Retief et al., 1985a,b). Full structures have been
determined for C,gHss (Z =1, PT) (Nyburg & Liith,
1972) and for the monoclinic (Z=2, P2/a)
(Schearer & Vand, 1956) and orthorhombic (Z = 4,
Pca?,) (Teare, 1959) polymorphs of Cs¢H,,. These
three structures are shown schematically in Fig. 1.
Nyburg & Potworowski (1973) predicted the lattice
parameters of #n-alkanes in the range n = 6-40.
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