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The relationship between crystal structure and methyl and t-butyl group
dynamics in van der Waals organic solids

Peter A. Beckmann
Department of Physics, Bryn Mawr College, Bryn Mawr, Pennsylvania 19010-2899 and Department of
Chemistry and Biochemistry, University of Delaware, Newark, Delaware 19716-2522

Carol Paty, Elizabeth Allocco, Maria Herd,” and Carolyn Kuranz®
Department of Physics, Bryn Mawr College, Bryn Mawr, Pennsylvania 19010-2899

Arnold L. Rheingold?
Department of Chemistry and Biochemistry, University of Delaware, Newark, Delaware 19716-2522

(Received 9 October 2003; accepted 25 November 2003

We report x-ray diffractometry in a single crystal oftutyl-4-methylphenol(TMP) and
low-frequency solid state nuclear magnetic resonarib®IR) proton relaxometry in a
polycrystalline sample of TMP. The x-ray data show TMP to have a monock#g/c, structure

with eight molecules per unit cell and two crystallographically inequivalebutyl group
(C(CHg)3) sites. The proton spin-lattice relaxation rates were measured between 90 and 310 K at
NMR frequencies of 8.50, 22.5, and 53.0 MHz. The relaxometry data is fitted with two models
characterizing the dynamics of thdutyl groups and their constituent methyl groups, both of which
are consistent with the determined x-ray structure. In addition to presenting results for TMP, we
review previously reported x-ray diffractometry and low-frequency NMR relaxometry in two other
van der Waals solids which have a simpler structure. In both cases, a unique model for the
reorientational dynamics was found. Finally, we review a similar previously reported analysis in a
van der Waals solid with a very complex structure in which case fitting the NMR relaxometry
requires very many parameters and serves mainly as a flag for a careful x-ray diffraction study.
© 2004 American Institute of Physic§DOI: 10.1063/1.1642581

INTRODUCTION C(10) bonds in Fig. 1 and these motions can be superim-
posed on the reorientation of théutyl group[for example,
When used together, x-ray diffraction and nuclear mag-about the ©@)—C(7) bond in Fig. 1.
netic resonanceNMR) relaxometry can provide valuable in- X-ray diffractometry and NMR relaxometry involve
formation concerning motion in van der Waals solids com-very different time scales; x-ray-electron scattering occurs at
posed of organic molecules with internal rotational degreeghe 107 s time scale and low-frequency NMR relaxometry,
of freedom™? We report here a study with solid 2- in the present case, observes motions in the'4010°° s
t-butyl-4-methylphenol TMP, Fig. 1 and compare the re- fange. For TMP, the x-ray diffraction studies see a unique
sults with three related systems. An x-ray study provides Lrientation for each_ of two crystgllogr_aphically digtinct types
time-averaged map of the electron density which can b&@f t-butyl groups(Figs. 1 and 2implying that a(differeng
translated into both the structure of the molecules in questiofi'éefold orientational potential energy profile dominates for
and how the molecules form the crystal lattic&luclear _both types._ 'F the present case, t h.e structure and the dynam-
spin-lattice relaxation rat® measurements as a function of ics are sufficiently complex that fitting the NMR relaxometry

NMR frequency /27 and temperaturd (NMR relaxom- Qata does not result in a unique dynamical model. We inves-
o . . tigate the use of the observed molecular and crystal structure
etry) provide information on the time dependence of local

o . . , to provide constraints on fitting the NMR relaxometry data.
r_nagnetlc fields on the NMR time scdl&his is a convenient For comparison, we provide two previous examples where
time scale for methyl (Ch) and t-butyl, (C(CH)s)  the interpretation of the NMR relaxometry data is unique.
reorientatiorf. The three methyl groups can reorigfir ex- ot cases correspond to oméutyl site per unit cell. In

ample, about the @)-C(8), the Q7)-C(9), and the €7)~  TMP there are two distinat-butyl sites and two dynamical
models survive scrutiny. Finally, we review one case where

Apresent address: Department of Earth and Space Sciences, University i€ structure is too complex for NMR relaxometry to be of
b)Washington, Box 351310, Seattle, WA 98195-1310. much help, other than to raise a flag which then can result in
Present address: Department of Physics, University of Wisconsin, 115 _ ; ;

University Avenue, Madison, WI 53706-1390. % careful x-ray diffraction StUdy
9Present address: Department of Applied Physics, University of Michigan,

Ann Arbor, M| 48109-1120. NUCLEAR SPIN RELAXATION: THEORY REVIEW

9present address: Department of Chemistry, 5100E Pacific Hall, University . .
of California, San Diego, 9500 Gilman Dr., Mail Code 0358, La Jolla, In proton-dense systems like those discussed here, the

CA 92093-0358. spin-lattice(longitudinal or Zeemanrelaxation results from
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FIG. 1. The two crystallographically inequivalent molecules of 2-
t-butyl-4-methylphenol.

Beckmann et al.

27

o= 72 ©
E
T=1T, ex;{ ﬁ) . (7)

The NMR resonance frequencyds= B/ y for magnetic field

B and proton magnetogyric ratip. TMP crystallizes with
two crystallographically independent molecules and there-
fore,Q=2in Eq.(1). A, is the fraction of molecules of each
type (A;+A,+---=1 with A;=A,=0.5 for TMP and
there areM (=1 for TMP) t-butyl groups in the molecule.
The reorientation of thgth t-butyl group in theqth molecule

is characterized by the mean time between hﬁgand the
reorientation of theth methyl group in thgth t-butyl group

in the gth molecule is characterized by the mean time be-
tween hopsrjj .

Rﬁq in Eq. (3) accounts for the relaxation due to the
modulation of the six spin—spin interactions among the three
protons in a methyl groufthree spins each engaged in two
pairwise interactionsandA? can be calculated from the ge-

proton spin—proton spin dipolar interactions being modu-ometry of a methyl group.These interactions are modulated

lated by methyl group anttbutyl group motion. Intramethyl

spin—spin interactions dominate but inter-methyl, intra-

t-butyl spin—spin interactions are significanf.Rapid spin—

spin (or transversgerelaxation ensures a common spin tem-

by both methyl andt-butyl reorientation and as a conse-
quence there is a term in E) involving the superposition
time given by Eq(4). Rj in Eq. (2) accounts for the intra-
t-butyl, intermethyl spin—spin interactions among the nine

perature and the effect of spin—spin interactions that are ngsrotons in a-butyl group. The calculatich’ of A% involves
modulated by the motion is to slow the exponential relax-approximations since the spin—spin vectors are changing
ation process. The proton spin—lattice relaxation rate is giveBoth in length and direction astabutyl group and its resi-

by?
Q M 3
R-3, Aq;l{R]qu;l R,Jq] | o
R =A%h(w,7l), @

RE,=AP[5h(w, )+ 5h(w, 7)) + Bh(e, 7], 3)

1 1 . 1 @
Tm o &t T Tm o
Tija  Tia  Tijg

h(w,7)=w,7)+4J2w,T), (5)

A=
g '{L §)—

FIG. 2. One of the two inequivalent molecules of-Butyl-4-methylphenol
viewed in the plane of the aromatic ring. Théutyl group is oriented with
one methyl group 9.2° out of the aromatic pla®or thet-butyl group in
the other molecule, this angle is 1.7°.)

dent methyl groups reorient, unlike methyl group reorienta-
tion where only the direction of the spin—spin vectors is
changing. The experiments are performed on polycrystalline
samples and the calculations At and A? properly account

for the averaging of the angles between the rotation axes and
the magnetic field. The model also accounts for rapid spin
diffusion (spin—spin relaxation rat®,>R) among all pro-
tons by incorporating the appropriate ratio¥ N andn?/N

in Egs. (2) and (3) wheren® and n? are the number of
protons involved in the motion and= 16 is the number of
protons in the molecule. At the same time, however, this
model [Egs. (1)—(7) along with the calculations oA“ and

AP] does neglect those dipolar interactions between protons
in a t-butyl group and other protons that are modulated by
the various rotations. These interactions are accounted for in
a phenomenological manner by labeling the calculated val-
ues of A and A®, A% and AP and fixing AP/AP =A% A*

with A? or A%=(APIAP)A® as the single fitting parameter.
Indeed, it is simplest to think of the parametévA

= APIAP=A%A“ as the single fitting parameter. This single
parameter simply raises and lowers the enRreversusT
curve. A fitted value oA/ A<<1.0 (within experimental error
completely rules out the dynamical model since the interac-
tions accounted for bp# andA® are definitely present. Di-
polar interactions between protons intdutyl group and

other protons can, however, increa8éA by 10-30%. A

fitted value of A/A>1.4 would, however, also rule out the
model unless the geometry were very unusual and there were
many protons on a neighboring molecule very close to the
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FIG. 4. Proton spin-lattice relaxation raf® vs temperatureT in 2-
t-butyl-4-methylphenol at three NMR frequencies as shown. At each fre-
guency, a different day’s set of experiments is shown with a different sym-
FIG. 3. The unit cell of solid 2-butyl-4-methylphenol. bol; eight setgdays at 8.50 MHz, seven sets at 22.5 MHz, and five sets at
53.0 MHz.

t-butyl group. In any event, the modeling is set up such that

the fitted value oA/A is a reasonably strong test of a model. s consistent with the scatte_r from measurement-to-
The spectral density in Eq6) assumes the motion is measuremenbn each day There is a pronounced thermal

random and describable by Poisson statigtitsis form ofJ history _effect at low temperatures which becorr_]es clear by
is the Fourier transform of an exponential correlation func-c0MParng the day-to-day measurements on different days.
tion (the probability of no hops in a timeassuming a hop at This implies some differences in the sample from day-to-day
time t=0). The mean hop rate is modeled by a canonicaWhiCh probably results from the fact that the sample is stored
ensemble or an Arrhenius relationsHigepending on your at room temperature between each day’s experiments and

educational backgroundh Eq. (7) whereE is the activation gh's IS clo;e lto thﬁ melltlng pomtdé;g;is 2h'fr:jomenor; h?rs l:leen
energy andr., is the “mean time between hop attempts.” It ISCUSsed eisewhere in some nd it does not eflec

is convenient to scale., according tor.., the mean time our fitting the data or the conclusions of this paper. Figures 5
between hop attempts Oicn a simple harr::c,)nic mddeid use and 6 show the data just using three different symbols for the

7.7, as a convenient fitting parameter. three frequencies.

RELAXATION DATA FITS
EXPERIMENTS

) ) R versusT shows two well separated maximakand
The sample was purchased from Aldrich Chemical andy,is 5 ,ggests a minimum of two distinct motions each char-

the quoted purity was 99%. It was a dark gray solid with a,tarized by a mean time between hopsr.. expE/KT). We
reported mp of 324325 K. It was purified by sublimation atare ot guided, at first, by the x-ray diffraction work here.
323 K/0.005 mm pressure which resulted in a colorless,

polycrystalline material with mp 325.4-326.0 K.

Crystallographic data for TMP: GH;60, monoclinic, RE T T T
P2,/c, a=6.26184), b=16.6852(10) c=18.9674(12) A,
6=94.1670(10)°, V=1976.5(2) &, z=8, 2'=2, T
=173(2) K. Of 11027 reflections collected, 3847 were in-
dependent and used to refine 217 parameters. At conver-
gence, with all nonhydrogen atoms anisotropic and hydrogen
atoms in idealized locationdR=5.02%, wR2=16.03%.

The relative positioning of the two independent molecules is 1

shown in Fig. 1. Figure 2 shows one of the two molecules

viewed in the plane of the aromatic ring and Fig. 3 shows the

packing in the unit cell. There is no appreciable hydrogen

bonding involving the OH groups. 10° T (K™)
R values were measured using a standard inversion- ) ) i .

. . FIG. 5. Proton spin-lattice relaxation raf® vs temperatureT in 2-

recovery procedure as outlined elseWh%rEXpe”ments t-butyl-4-methylphenol at three NMR frequencies as showsinglefit to

were performed from 90 to 310 K at 8.50, 22.5, and 53.0all three frequencies is shown. This fit uses the one-site model with the

MHz corresponding to magnetic fields of 0.200, 0.528, andseven adjustable parameters indicated in Table I. The various contributions

1.24 T. The observed relaxation rates are shown in Fig. 4 iff R at 53.0 MHz are indicated: theotation of the nearly in-plane methy!

. . . . group (ml), thet-butyl group ¢), the superposition of the two motions
which, for a given frequency’_a different Symbo' I,S US,Ed for ml+t), one out-of-plane methyl groupm?), the other out-of-plane me-
each of the 20 days of experiments. The uncertainly in eackhy| group m3), and the two superimposed motions of these two methyl
measured value ranges betweeh5% and+10% and this  groups and the-butyl group M2+t andm3+t).

8.50 MH2

—_
f=2
T
L BRI

LRLLLY =B élll
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L L L L L T L TABLE II. A comparison among systems.

10° 3
F 3 X-ray NMR NMR
I ] Molecular solid sites  sites 7S Ref.
~10F 7 Polymorph A of 2,6-dit-butylnaphthalene 1 1 1 1
= E 3 3-t-butylchrysene 1 1 2 2
~ [ ] 2-t-butyl-4-methylphenol 2 1 3
3 ol 2 4

Polymorph E of 2,6-di-butylnaphthalene 12 >4 >4 1

e a factor of 10 of unity simply suggests the assumptions con-
17T (K) cerning what is reorienting are reasonable.

FIG. 6. Proton spin-lattice relaxation rafe vs temperatureT in 2- Fma”y’ we See,k the SI_mp|ESt tWO'SIt_e quel' We assume
t-butyl-4-methylphenol at three NMR frequencies as showsinglefit to tWO_CrYStaHOQraph'Ca_”y d|5t|'_"Ct'bUty| 3"‘_95 in the crystal
all three frequencies is shown. This fit uses the two-site model with the nindas is the cageThere is a variety of possible models but the
adjustable parameters indicated in Table I. The contributioR foom the simplest one that fits the dafiee., having the fewest number
dynamics of the-butyl groups at the two sitg$abeled 1 and Ris indicated of adjustable paramete)ris; that for each of the two types of
for 53.0 MHz. .

t-butyl groups, the nearly in-plane methyl group and the en-
tire t-butyl group reorient at one rat@as in the one-site

) , mode) and the two out-of-plane methyl groups reorient at a
Rather we seek the simplest fits of the data émeh ask different rate. The fit is shown in Fig. 6. The two curves

whether they are unique and'con'sistent with the x-ray res“"?abeled 1 and 2 each have a high-temperaRim@aximum
Thﬁ parameters are the activation energiesthe constant resulting from the reorientation of thtebutyl group and its
A/A and the “mean time between hopping attempts” param-(nearly) in-plane methyl group and a low-temperature
eter 7../7.. To start, we assume a unique crystallographicmaximum resulting from the reorientation of the two out-of-
site in the molecule fot-butyl groups(which is not the case  plane methyl groups. The nine independent fitting parameters
and assume that the nearly in-plane methyl group and thgre indicated in Table I.
entiret-butyl group reorient at one ratee., characterized by
one 7) and that the two out-of-plane methyl groups reorient
at a different rate. This is a five-parameter fit and fits the datgISCUSSION
very badly. In van der Waals organic solids like 2-
The simplest one-site model that fits the data well ast-butyl-4-methylphenol, the x-ray data provide a clear pic-
sumes that the nearly in-plane methyl group and the entireure of the equilibrium structure of the molecules and how
t-butyl group reorient at one ratas abovgbut that the two  they pack together to form the solid. The goal of this long-
out-of-plane methyl groups reorient with rates that are noterm project is to relate this structure with models for the
only different from thet-butyl group and the in-plane methyl dynamics of thet-butyl groups and their constituent methyl
group, but also different from each other. The fit is shown ingroups obtained by analyzing nuclear spin relaxation rate
Fig. 5 and the seven independent parameters are indicateddiata. The x-ray data for TMP show two crystallographically
Table 1. Although the uncertainties irE are about inequivalentt-butyl group sites; in one, thebutyl group is
+1kjmole !, the difference between 12 and 14 kjmole  oriented at 1.7° out of the plane of the ring and in the other
for the two out-of-plane methyl groups is significant. Thethe t-butyl group is oriented at 9.2° out of the plane of the
uncertainty inA/A is about+ 5% and the uncertainties in the ring (Fig. 2.
.. [T, values are about a factor of 2 or 3(since the acti- We have presented two models based on the NMR re-
vation energy appears in the exponentidlhat the fitted laxometry data. Simply stated, the first says that the two

value of A/A is 1.1 and that all the., /7, values are within  crystallographically distinct sites are equivalent from the dy-
namical perspective but that whereas the nearly in-plane me-

thyl group and the-butyl group reorient at one rate, the two
out-of-plane methyl group reorient at two different rates.

TABLE |. Relaxation rate parameters fort2butyl-4-methylphenol. o ]
This is not unreasonable given that the two out-of-plane me-

E _ thyl groups see slightly different environmerigee Figs. 2
Model Rotors ki/mole  A/A  7./7.  and 3. In this case there are three distinct reorientation rates.
One site t-butyl and methyl 1 27 1.1 1.0 The second model says that the motion for the two crystal-

methyl 2 14 15 lographically distinct types af-butyl groups is different. For

methyl 3 12 15 each, the nearly in-plane methyl group and thmityl group
Two site  t-butyl 1 and methyl 11 32 11 0.15 reorient at one rate and the two out-of-plane methyl groups
methyls 12 and 13 14 0.15  reorient at another rate. Thus there are four distinct reorien-

t-butyl 2 and methyl 21 30 15 tation rates.

methyls 22 and 23 1 26 We compare this analysis in TMP with three other sys-
tems in Table 12 The molecules are drawn in Fig. 7. Poly-
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t-butyl group sites, though many of the differences may be
slight. However, there armanydistinct reorientation rates.
The relaxation rate data is, not surprisingly, most unusual
and an example fit showed that there were more than four
inequivalent sites.The data could have been beautifully fit
CH3 CH3 with say five or six sites but with many possible dynamical
models. This would be over analyzing the data. Indeed, the
best fit (the fewest number of parametg@ssumed a con-
tinuous distribution of reorientation rates but the phenom-
enological distribution function used offers no insight into
modeling the motion or relating it to the structure. The point
is that this case is out of reach of the nuclear spin relaxation
rate experiments. All that can be said is that there are a
minimum number of reorientation rates. At the same time,
however, it was the NMR relaxometry experiments that
(c) 2,6-di-t-butylnaphthalene raised the flag that the structure was complicated. What

turned out to be an interesting structure could then be inves-
FIG. 7. The molecule used in this study and two others with which it is tigated in detail by x-ray diffractioh.
compared.

(a) 2-t-butyl-4-methylphenol (b) 3-t-butylchrysene

SUMMARY
morph A of 2,6-dit-butylnaphthalene is the simplest system

investigated to dateand provides a textbook example forthe =~ We have presented x-ray diffraction data and proton
simplest possible dynamical model. Even though there aréPin-lattice relaxation rate data in solid tbutyl-
four molecules per unit cell and twebutyl groups per mol- 4-methylphenol. We are able to interpret the relaxation rate
ecule, the presence of inversion centers results in a unigquéata with two dynamical models, both of which are consis-
crystallographic environment fdrbutyl groups. The proton tent with the x-ray data. We have compared this study with
spin relaxation measurements are characterized by the sirither cases. In two cases, a simpler structure results in a
plest possible dynamical model; the three methyl groups antnique dynamical model and in another case the structure is
thet-butyl groupall reorient at the same rate. In addition the SO complex that the proton spin relaxation rate technique
analysis is unambiguous about concluding that all four rotor®ffers little in understanding the dynamics beyond providing
are involved in the motion. The next entry in Table Il is 3- & minimum number of reorientation rates needed to fit the
t-butylchrysené. The local intramolecular environment of data. The power of the x-ray experiments is that they provide
the t-butyl group in 3t-butylchrysene is the same as it is in Very clear boundary conditions for the set of possible dy-
2,6-dit-butylnaphthalene, namely a ring proton on bothnamical models. The power of the spin-lattice relaxation
sides(Fig. 7). The x-ray datashows a structure with four measurements are that they are very sensitive to both which
molecules per unit cell but with a crystallographically uniquerotors are actually reorientingn the NMR time scaleand
t-butyl group site (as in polymorph A of 2,6-di- When different rotors have quite small differences in the pa-
t-butylnaphthaleneyet the nuclear spin relaxation rate datafameters describing their reorientation. To put it another way,
clearly show two distinct reorientation rates. Théoutyl ~NMR relaxometry provides information ofocal angular
group and the in-plane methyl group reorient at one rate angnisotropiesin the intramolecular and intermolecular poten-
the two out-of-plane methyl groups reorient at the other ratetials.
In both these cases the dynamical model used to interpret the This project continues in three directions: First, we are
relaxation rate data is both unique and consistent with théooking for similar systems with two crystallographically in-
x-ray diffraction data. In both these cases the x-ray dat&duivalentt-butyl group sites. Second, we are pursuing deu-
show a crystallographically uniquebutyl group site. The teron spin relaxation experiments which are less sensitive to
difference between the two syster@ne NMR = for one, intermolecular  interactions  but  provide different
two for the other is a measure of thdifferencein the an- information*~*2 about intramolecular interactionghan do
isotropy of theintermolecularinteractions experienced by Proton relaxation experimentsThird, we are investigating
the t-butyl groups. systems with fluoromethyl (Gff groups. The rotational mo-

In 2-t-butyl-4-methylphenol TMP), there are two sites tion is simpler(just one rotor rather than foubut with both
and we can interpret the relaxation rate data assuming &-19 and H-1 atoms in the molecule, the relaxation is non-
single site(with the uniquet-butyl group motion involving  €xponential and more information is availabte> Also,
three distinct reorientation ratesr with two sites(with the ~ X-ray studies can see fluorine atoms much more easily than
motion of each of the twa-butyl groups involving two dis- they can see hydrogen atoms.
tinct reorientation ratgs See Table Il. Finally, polymorph E
of 2,6-d|~t-b_utylnaphthalene, like polymorph A dls_cussed ACKNOWLEDGMENTS
above, provides an extreme case, only in the opposite sense.
The structurgin polymorph E is very complicated with 12 The authors thank F. W. Mallory and C. W. Mallory for
molecules per unit cell and 12 crystallographically distinctpurifying the samples.
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