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We have synthesized t3butylchrysene and measured the Larmor frequeat@m (= 8.50, 22.5,

and 53.0 MHz and temperatur& (110—310 K dependence of the proton spin—lattice relaxation
rate R in the polycrystalline solidlow-frequency solid state nuclear magnetic resonahidR)
relaxometry. We have also determined the molecular and crystal structure in a single crystal of
3-t-butylchrysene using x-ray diffraction, which indicates the presence of a utibutyl group
environment. The spin-1/2 protons relax as a result of the spin—spin dipolar interactions being
modulated by the superimposed reorientation of ttheityl groups and their constituent methyl
groups. The reorientation is successfully modeled by the simplest motion; that of random hopping
describable by Poisson statistics. The x-ray data indicate near mirror-plane symmetry that places one
methyl group nearly in the aromatic plane and the other two almost equally above and below the
plane. The NMR relaxometry data indicate that the nearly in-plane methyl group and the entire
t-butyl group reorient with a barrier of 24:20.9 k mol !, and the two out-of-plane methyl groups
reorient with a barrier of 14:20.6 kJ mol *. Following a brief review of methyl group rotation in
simple ethyl-, and isopropyl-substituted one- and two-ring aromatic van der Waals molecular solids,
the barriers for the out-of-plane methyl groups and thmrutyl group in 3t-butylchrysene are
compared with those barriers in three related molecular solids whose crystal structure is known:
4-methyl-2,6-dit-butylphenol, 1,4-di-butylbenzene, and polymorphA of 2,6-dit-butyl-
naphthalene. A trend is observed in the reorientational barriers fdrlibgyl and the out-of-plane
methyl groups across this series of four compounds: ashiéyl barriers decrease, the out-of-plane
methyl barriers increase. @003 American Institute of Physic§DOI: 10.1063/1.1575202

I. INTRODUCTION ferent time scales and the two techniques can be combined to
investigate structure and dynamics in ways that neither can
Low-frequency nuclear magnetic resonard#R) re-  do alone. A class of molecules that has been rewarding to
laxometry and single-crystal x-ray-diffraction probe very dif- study are single- and fused-ring aromatic structures contain-
ing one or twot-butyl groupst~® We have synthesized the
organic molecule 3-butylchrysene, determined the molecu-
3Electronic mail: pbeckman@brynmawr.edu lar (Fig. 1) and crystal(Figs. 2 and B structures, and mea-
P'Current address: Merck, Cancer Research Department, WP16-315, Sursured the proton spin—lattice relaxation r&es a function
C)(n:iﬁg\rgvtnazlgfés\gl:ege?grgte‘ Zﬁ;;isgénter Philadelphia, 700 Robbins Avc-)f temperatureT and Larmor frequency/2m (Fig. 4). We
enue, Philadelphia, PA 19111. have chosen to report our work ort-Butylchrysene because

9Current address: Department of Chemistry and Biochemistry, University obf its unusualR versusT behavior. Of the many systems
California, San Diego, La Jolla, CA 92093.
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FIG. 3. A picture of the crystal structure of crystallinet-Butylchrysene
showing the interaction amortgbutyl groups on different molecules. One
molecule is highlighted for clarity.

that the proton NMR relaxometry be performediat fre-
quencies in order to match the NMR frequency with the fre-
quencies of the motions of interest. Thus the ideal conditions
_ for proton NMR relaxometryare in marked contrast to pro-
FIG. 1. Molecular structure of 8butylchrysene(a) The four-ring structure . . .
with the t-butyl group in the 3-position(b) An end view in the plane of the ton NMR spectroscopwhere the current drive is to hlgher
ring structure. In the crystal, altbutyl groups are equivalent. frequenciedin order to better resolve chemical shjfts
Proton NMR relaxometry and x-ray diffraction are both
very old techniques and they have been used together for
studied to date, it serves as a “missing link” and has resultednany years on a variety of systems. However, there are im-
in our suggesting a new model foibutyl group reorienta-  portant unanswered questions concerning the relationship be-
tion. tween structure and motion in a large variety of solids and
X-ray diffraction probes electron densities over timethe research remains fruitful. The two techniques have been
scales characteristic of the photon—electron interactiomombined to better understand dynamics in ionic sdffds?
(107 1% s) and as such sees time averages of essentially il these cases, motions involve ion reorientation and trans-
stantaneous structures on the time scale for any moleculdation. The two techniques have come together to better un-
motions. Average structurggtomic positions can then be derstand methyl group reorientation in 4,5-dimethylphenan-
determined from the electron density configurations usinghrene where the crowded conditions distort the otherwise
sophisticated algorithnsThe structures so determined can planar aromatic rinf"*®and to study the complex motions in
then be correlated with low-frequency NMR relaxometry re-1-bromo and 1-iodo-adamantaHeRecently, the two tech-
sults which are sensitive to the reorientation of tHasutyl niques together have allowed the development of a model for
groups and their constituent methyl groups. It is importantmethyl group reorientation in tetrapentylammonium ioditle.

(b)

FIG. 2. The unit cell of 3-butylchrysene. There are
four molecules per unit cell with the figure showing
more than the two whole and four half molecules in the
unit cell.
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T N LR R AL AR LS LN R The main purposes of this paper dfe to present the
synthesis, the x-ray diffraction, and the temperature and fre-
quency dependence of the proton spin—lattice relaxation rate
in solid 34-butylchrysene(2) to review the current dynami-
cal model fort-butyl and methyl group motion and recast it
in a more general way, an() to compare proton NMR
relaxometry and x-ray diffraction studies of three other mo-
lecular solids with the results in 3butylchrysene presented
here. The three other systems are 4-methyl-2,6-di-
butylphenol, 1,4-di-t-butylbenzene, and polymowplof 2,6-
3 4 5 6 7 8 9 di-t-butylnaphthalene. These four van der Waals solids have
10°TYK™? the important property that the molecular structure in the
crystal is not expected to be appreciably different from the
FIG. 4. Proton Zeeman relaxation ra&gon a logarithmic sca)evs inverse isolated molecule structure, except, perhaps, for the orienta-

temperaturel ~ in polycrystalline 3tbutylchrysene, at three Larmor fre- . _ . . .
quencies as indicated. Thsngle five-parameter fit shown all three fre- tion of thet-butyl groups. This results in an approach which

quencies is discussed in the text. The contribution® foom the two in-  considers the solid, to first approximation, as simply holding
equivalent types of rotors are indicated for 53.0 MHz. Phenaximum at  the molecules fixed, meaning that the aromatic backbone
T=250 K (16T *=4 K™!) at 53.0 MHz and shifting to lower tempera- dpes not engage in motions on the NMR time scale. The

tures at lower Larmor frequencies results from the reorientatidvotfthe . . .
t-butyl group and the reorientation of thénearly in-plane methyl group dynamics of thet-butyl group, then, can be considered in

superimposed on the reorientation of tHeutyl group. This isRy,+R, in  t€rMs of the isolated m0|eCl-!|e with the neighboring mol-
Eq. (11). The R maximum atT=200 K (16T =5 K™% at 53.0 MHz  ecules treated as a perturbation. We find that the results for
and shifting to lower temperatures at lower Larmor frequencies results frO”B—t—butyIchrysene do not fit our far-too-neat previously de-
the reorientation of the two out-of-plane methyl groups intibeityl group : .

[Fig. 1(b)] superimposed on the slower reorientation of the erttiatyl veloped model and we Ou“m?’ qua,“tatlvely’ anew model for
group. This isRy.+ R, in Eq. (L1). Note that the two motions are more Methyl andt-butyl group reorientation that needs to be fur-

clearly resolved at the lowest NMR frequency. ther developed quantitatively.

. R/s?

0

L aanul

hil

_ _ Il. EXPERIMENT
These systems tend to be more complicated, either structur-

ally or dynamically or both, than the systems we are”- Sample preparation

studying. 3-t-Butylchrysene was synthesized from commercially
Deuteron NMR has also been used very successfully igvailable materials by a two-step process: a Wittig reaction

conjunction with x-ray diffraction. Deuteron NMR has the of 1-naphthaldehyde with the phosphonium salt obtained

advantagdover proton NMR that the spectra of the former from the treatment of 4-butylbenzyl bromide with triph-

can reveal motional informatidh”® whereas proton spectra enylphosphine, followed by photocyclizatfrof the result-

are broadtens of kHz and featureless due to strong spin—ing diarylethylene derivative.

spin couplings. Deuteron relaxation rates are dominated by

local interactions(the electric field gradient in the D—X 1. (E)-1-(4'-t-Butylstyryl)naphthalene

19,21,22Thic i nlifygi }
bond. . This IS a S|mpI|fy_|ng factor and can be an ad A Wittig reaction of 1-naphthaldehyde with the ylid de-
vantage in modeling the motion so long as the quadrupolar.

) . rived from (4-t-butylbenzyjtriphenylphosphonium bromide
coupling constanfrelated to the width of the spectryiroan ave a mixture of theE and Z isomers of 1(4'-t-

itself be adequately modeled. Proton relaxation rate StUd'e%utylstyryl)naphthalene. This mixture was isomerized in cy-

on the other hand, haye the advantage _that the hydrogec ohexane solution by catalysis by atomic iodifpeoduced
atoms under study can interact strongly with nearby hydrofrom I, by irradiation with visible light to give the pureE
gen atomgspin—spin interactionsand this gives a window . 2

on relating the observed relaxation rates to both the local and¢' omer(76%. Recrystalization from methanol gave material
: with mp 91.4-92.0 °C'H NMR (CDCl;, 300 MH2) §8.22

the longer-range structures of the solid. Deuteron NMR spec(—br d, J=8 Hz, 1 H: H-8, 7.86(br d, J=8 Hz, 1 H: H-5

troscopy and relaxation rate studidéand x-ray diffractio* 7 85 ,(d 1=16.0 Hz. 1 H',H.) 7 79(’br 4 J=8.2 He. 1 H:

have been combined to show that there are two chemicall¥|‘_4) 7’ 74_(br'd J:’7 > I—iz ?H 'H-Z 7 5’5(d_ J _ 8’4 Hz’

inequivalent methyl group sites in alpha-crystallized toluene2 H',H-.2’ and I—,|-6) %52_’7 47(,m > H .H—6 a’md H-7. 7 48’

A truly beautiful, more recent deuteron spectroscopy and re(-brt’ J=77Hz 1 H H-a 7 .43(d ,J=8,4 Hy 2 H: H-é énd

laxation rate study in 2,3-dimethylnaphthal&hexploited H-5’,) 7 1'4 d 7J=1,60 i—|z. 1 H H ',) 1,36 (é 9 H: (

the known crystal structuf® to relate the disordered struc- CH 'C). A ’lzg C I. d fo’ H _ac’ 9'2 31- ’H 7,69

ture of this solid with models for methyl group reorientation. FOS?}Z_C': 9n2a2.5. Ha;4.9 M Gafy C, 9231 H, 7.69.

Finally, deuteron NMR spectroscopy, deuteron NMR relax- T TETm e e

ation rate studies, and x-ray diffraction have teamed up to

better model the relationship between the complicated mo#- 3-t-Butylchrysene

tions and aromatic ring distortions int9utylanthracer® A magnetically stirred solution of 2.84 @0 mmo) of
as well as the dynamical behavior ebutyl reorientation in  (E)-1-(4’'-t-butylstyry)naphthalene and 0.254(¢ mmol) of
1,4-dit-butylbenzene in inclusion compouns. I, in 1.1 L of cyclohexane was irradiated for 3.5 h with

Downloaded 13 Feb 2012 to 165.106.1.42. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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ultraviolet light from a 450 W Hanovia mercury lamp. When 0.200, 0.528, and 1.24 [ffor proton gyromagnetic ratioy
the reaction was judged to be substantially complete bwith y /(2 7)=42.577 MHz/1. Three fixed-frequency
GC/MS analysis, the solvent was removed by rotary evapo€PS-2 Spin-Lock pulsed NMR spectrometers were used with
ration and the residue was chromatographed on alumina usariable-field electromagnets. The nonexponential free in-
ing hexanes as eluent. Evaporation of the solvents and reluction decay following the amplifier recovery was reason-
crystallization of the resulting solid from hexanes gave 1.4 gably well-characterized by a relaxation time of about )
(50%) of 3-t-butylchrysene, mp 114.0-114.7 °C. Further pu-corresponding to a spin—spin relaxation r&e of about
rification by an additional recrystallization from hexanes5x10* s 1. This is 600 times greater than the largest spin—
gave material with mp 117.2-117.8 °&4 NMR (CDCl,, lattice rateR measured and indicates rapid spin diffusion.
300 MH2 68.77(br d, J=8.2 Hz, 1 H; H-10, 8.75(br s, 1 Temperature was varied by means of a flow of cold ni-
H; H-4), 8.74(d, J=8.9 Hz, 1 H; H-5, 8.66(d, J=9.0 Hz, 1  trogen gas which was recooled and reheated at various stages
H; H-11%9), 8.00(d, J=8.9 Hz, 1 H; H-6°, 7.99(dd, J=7.8  in order to vary and regulate the temperature. The variable
Hz and 1.4 Hz, 1 H; H-Y 7.96(d, J=9.2 Hz, 1 H; H-13%,  temperature system was home-made. The polycrystalline
7.93(d, J=8.3 Hz, 1 H; H-2, 7.72(dd, J=8.4 Hz and 1.9 sample was placed in a 7-mm-i.d. tube containing a 20 mm
Hz, 1 H; H-2, 7.69(ddd J=8.2 Hz, 6.8 Hz, and 1.6 Hz, 1 length of sample, 15 mm of which was within the NMR coil.
H; H-9), 7.62(ddd J=7.9 Hz, 6.9 Hz, and 1.1 Hz, 1 H; H}8 Temperature was determined with a calibrated copper—
1.53(s, 9 H; (CH5)3C). Anal® Calcd. for G,H,o C, 92.96;  constantan thermocouple, which was buried inside the
H, 7.04. Found: C, 93.16; H, 6.87. sample 2 mm outside the NMR coil. Between measurements,
30—-45 min was allowed to elapse to ensure equilibrium after
. . a temperature change. Absolute temperature was determined
B. X-ray diffraction to within =2 K and temperature differences could be moni-

3-t-Butylchrysene crystallizes as exceedingly thin platestored to within =30 mK. Temperature gradients along the
A specimen was successfully mounted by suspending it in &ample could be determined by changing the position of the
film of a glycerine emulsion cooled to 173 K. Reflections thermocouple. At=0.5 K at the lowest temperatur@nd
making a glancing angle of less than 3° to the major facdrogressively less at higher temperatiiyésm one end of
[0,0,1] were excluded. Nonetheless, a combination of edgéhe sample to the othewithin the NMR coil, these gradi-
distortions, high anisotropy in the reflection data, and inevi-ents are negligible compared with the temperature depen-
table curvature of the crystal from mounting stresses prodence of the measureivalues.
duced a data collection of limited quality. The data reported ~ The data are presented aRwersusT * in Fig. 4. The
were the best of three sets. The crystal was found to belongncertainties on th&® measurements ranged from2% to
to the monoclinic crystal system and systematic absences i 8%, and the sizes of the symbols in Figure 4 are chosen to
the diﬁraction data uniquely assigned the space group a@ﬂectiS% error ﬂags. The scatter in the data iS Consistent
P2,/n [a=9.720212), b=6.18987), c=26.7913) A, with the uncertainties associated with each individual mea-
B=97.0112)°, V=1599.93) A3 Z=4]. Using a Siemens P4 surement.
four-circle diffractometer equipped with a SMART CCD de-
tector and Mok radiation (\=0.71073 A, 1225 frames | sp|N RELAXATION THEORY AND APPLICATIONS
were collected in 0.3° increments with 30 s exposures. Ofrg . BUTYL GROUPS: A BRIEF REVIEW
4798 reflections harvested from these frames, 2068 were
unique. The structure was solved by direct methods and com- The observed proton spin—lattice relaxation rate is
pleted by a series of difference Fourier syntheses. All nonwritten®
hydrogen atoms were refined anisotropically and all hydro- "
gen atoms were incorporated as idealized contributions. At
convergenceR(F)=0.099, R(WF?)=0.252. All software is R= 21
contained in the libraries maintained by Bruker AXS, Madi-
son, Wi, and include SHELXTL 5.1, SMART, and SAINT. A where R is the relaxation rate due to the modulation of
CIF file containing detailed crystallographic information the d|pole dipole interactions between the three protons
may be obtained from one of the authdf/sL.R.) or from  (sping in the jth methyl group, which, in turn, resides in the
the Cambridge Structural Database where the data have beﬂﬁ t- buty| group. The inde)q' runs over the three methy|
deposited. The molecular structure is shown in Fig. 1, thyroups in thdth t-butyl group.R™®"is the relaxation rate due
unit cell is shown in Fig. 2, and the environments of a set ofig the modulation of the dlpole dipole interactions between
t-butyl groups are shown in Fig. 3. the inter-methyl, intra-butyl protons for theith t-butyl
group. There areM crystallographically distinctt-butyl
groups.M=1 for 34-butylchrysene.

As outlined in the foIIowng'ntra takes into account the

The temperatur@ dependence of the proton spin—lattice interactions among the three protons in each methyl group
relaxation rateR was measured using standard inversion-exactly (within the confines of the modelThe ratio3/N is
recovery pulse NMR techniqu&sat temperature$ between  the ratio of the number of protons in a methyl group to the
110 and 310 K at Larmor frequencies ©f2r=8.50, 22.5, number of protons in the chemically distinct unit, in the case
and 53.0 MHz, corresponding to magnetic fieBisw/y of  of 3-t-butylchrysene, a single molecule. Thixs20 for 34-

° 3
Rlnter_l_ 2 Rlntra ’ (1)

C. NMR relaxometry
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butylchrysene. This assumes that spin diffusion is rapid and The dipole—dipole strength parameter in E2). is
that the nuclear magnetization is always equally spread

among all protons in the molecule. Experimentally, this is _ 9 [ o\ #y? 2
indicated by the fact that the spin—spin relaxation Rjes Amtrazﬂ) E) —5| =380x10s7%, 7)
very much greater than the spin—lattice relaxation Rate '

In the following, RI™®" is determined by an approxima- . ) _
, . : : for proton magnetogyric ratioy=2.675<10° kg lsA,
tion and the factor N in Eq. (1) is the ratio of the number of sioldm=10"7 mkg S 2A-2 wherep, is the permeability of

protons in at-butyl group to the number of protons in the ¢ " P ferred t th i stant
chemically distinct unit. Although the assumptions leading to ree spacanow often reterred fo as the magnetic consian

Eqg. (1) (exponential relaxation, additivity of rates, gtare and pro_lt_?]r_]—prtl)ton sfeparatmﬁ=1.79_>(<jlol_ (rjntmtarr]n((ejth)lll
reasonable for liquids, careful justification is required for us-Jroup. This value or assumes an idealized tetrahedral ge-

ing this model to describe the spin—lattice relaxation result ey with idealized C—H bond lengths. The factor 9/40

: : P can be conveniently, although somewhat artificially, factored
ing from methyl and-butyl group reorientation in polycrys- |
talline solids. These assumptions and their rationale ar 0 zthi Qrogj“‘?ts @/4)(3/29)' The fgctor [.(3/20) (o
. 31 m)°(y*h?Ir®)] is a convenient starting point and comes
carefully laid out elsewher&: trom the basic relaxation th y i of Spin-1/2
If the reorientation of thgth methyl group in theth rom the basic refaxation theory for a pair of spin- par-

t-butyl group is characterized by the correlation timeand ticles undergoing isotropic reorientatipRef. 22, p. 300, Eq.

. 2 . . .
the reorientation of théth t-butyl group is characterized by 2,1/25) (W'tt? (ﬁ]O/ 47?“ w;serted to g'V?_ S| ]fm'%] T?e Iatcr:otr h
the correlation timer; R:rjﬂra is given by7* can be thought of as a correction for the fact that the

motion of any giventH—'H vector is not isotropic but con-
fined to a plane. The factor 2 comes from the fact that each
'H spin in the methyl group is involved in two spin—spin
@ interactions. We note that this definition AF'™ differs from
with that in Ref. 5 by '_tr:e factor 9/40.
. . To computeR™®" in Eq. (1), we first note that ifrj=o
h(w, N=jlw, 1)+ 420, ), © (no t-butyl grouplreorientatio)n then 7; ;;=7; and EQ.(2)
reduces td?{?tra: A" h(w, 7;;). We condense each of the
three protons in a methyl group to the center of their reori-
entation axis and considertdutyl group to be an ensemble
of three such moietieR™®", the relaxation rate due to the
reorientation of this ensemble, will be

R:T"a= AN 2h(w, 7))+ 3h(w, 7))+ (o, 7 )],

for reduced spectral density(w,7). The first and second
terms of Eq.(2) correspond to methyl group ansbutyl
group reorientation, respectively, and the third term, with
7,i=m "+, corresponds to the superposition of the two
motions.

The reduced spectral density for the simplest dynamical

inter__ inte

model for methyl group and-butyl group reorientation R™=3A"h(w,7), ®)
comes from thermally assisted randon{Poisson )
hopping?%22 with

. 27 9 o\ R\ 2

) — . 4 inter— ___ 2o I

j(o,7) (Tt 02) 4) AMer=5 (477) 3 9
Independently, we assumecan be modeled by an Arrhenius r\8 e .
relationship; =] A = 1.40x10°s 2, (10

*
E
=T, exp( k_T) (5 wherer, =3.12<10 *® m assumes an idealized tetrahedral

geometry with idealized bond lengths. The x-ray data accu-
For a barrieE>kT (for example, 12 kJ mof=1.5x 10° K), rately position the four carbon atoms in thbutyl group and

the methyl group spends most of its time at the bottom of the&NOW the departure from this idealized geometry is very mi-
barrier and in a very simple, but nonetheless, appealin&or and, within the framework of the approximation being

~ . o . ~_ d here, the differences between the idealized and ob-
model, 7 * can be identified with the attempt frequerey o ’ -
for crossing the barriefi.e., methyl group rotates byr3). servedC—-C—-Cbond angles and CC lengths are negligible.

) i A ) The factor 3 in Eq(8) accounts for the fact that each “spin”
In the harmonic approximatior,. * is given by in the rotor is a trio of spins. We note that this definition of
U A" differs from that in Ref. 5 by the factor 9/40.
pe :zl(ﬂ) (6) The relaxation rate data in Fig. 4 show that there are two
3 \E] distinct correlation times. Indeed, atw/27=8.50 MHz, the

two maxima inR due to the conditionsr ~ 1 for eachr are

wherel is the moment of inertia of the group. OnEéand ., clearly resolved. The x-ray data show that int-3-
have been determined by fitting data, it is convenient to exputylchrysene there is one chemically and crystallographi-
press the fittedr.. in units of 7... It's just a convenient, cally distinctt-butyl group per unit cell. In this case, there is
classical, benchmark. one term in the sum overin Eq. (1) (i.e., M=1) andN=20
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is the number of protons in the molecule. Further, as showtV. DATA ANALYSIS
in Fig. 1, the x-ray data show that one methyl group lies
nearly in the plane of the adjacent aromatic ring and that the ~ 3-t-Butylchrysene crystallizes in a primitive monoclinic
other two methyl groups lie above and below this planesystem without imposed crystallographic symmetry. The
respectively. We have analyzed the data using the two posnolecules form no close contacts at distances significantly
sible ways that give rise to two correlation tim@gith the  less than the sum of their van der Waals radii. As shown in
boundary condition that attbutyl groups are equivalentin  the unit-cell packing diagrartFig. 2), molecules pack with
one model, the three methyl groups reorient at one rate artheir long axis aligned with the crystal axis and alternate
thet-butyl group reorients at another rate. In the other modelboth in the orientation of thebutyl groups and the plane of
two methyl groups reorient at one rate and both the thirdhe aromatic system. This regime effectively prevents the
methyl group(presumably the one nearly in the plarsmd  formation ofr-stacked interactions between aromatic planes.
thet-butyl group reorient at the other rate. The former modelAll t-butyl groups experience the same environment.
does not work and we present the details for the latter, noting The temperature and Larmor frequency dependence of
that modeling the former from the details of the latter is notthe spin—lattice relaxation rate(T, w) for polycrystalline
difficult. 3-t-butylchrysene in Fig. 4 is fitted to the two-tau model
Referring to the sums ovérandj in Eq. (1), the reori-  discussed earlieR is given by Eq.(12) with Egs.(3), (4),
entation of the two out-of-plane groups is characterized byand (5). The single set of three solid curves at the three
T11= T1o= 7. and, the reorientation of th@early in-plane  Larmor frequenciesv/27 in Fig. 4 involve five adjustable
methyl group and the entirebutyl group are characterized parametersg,, E., 7., and 7., which come from Eq.
by 73=71=7p. With 7l =m, '+ 7.t and rp=7, '+, 1 (5) for the correlation times;, and 7, and a common multi-
=27, " and Eqs.(2) and(8) substituted into Eq(1) yield plicative factorA/A for the four A values in Eq.(12), as
discussed in the following paragraph. The partial suRgs
+Ryp and R+ Ry in Eq. (11) are shown at 53.0 MHz in

R=Rp+Rpp T ReFRpc (1D Fig. 4. Since all terms contribute significantly, it is necessary
to account properly for the superimposed reorientation of the
=Ayh(®, 7)+Ayp h(®, Top)+Ach(@, 7o) t-butyl group and their constituent methyl groups. Note that
the two relaxometry peaks are better resolved at 8.50 MHz

T Apch(w, Ty, (12 than they are at 53.0 MHz

The fitting parameteA/A is defined byA/A=A, /A,
=App/App=Ac/As=Apc/A,c, Where the numerical values
of Ay, App, A, andA,, are given by Eqs(13—(16). The
effect, then, of this parameter is to move the entire relaxation

- M ) 2 M o 2 curve up and down without changing its shape and without

Ap=y | 2TATE+ gA"ma = (173X 10 s7%), changing the relative contribution of the four contributions

(13 to the totalR. The fitted value isA/A=1.07+0.05. The
liberal uncertainty is arrived at by noting, visually, the
effect of changing this parameter. This ratio would be unity if

~ M1 M _ only intra t-butyl group spin—spin interactions were consid-

Abb_ﬁ §A _ﬁ(8'03>< 10° 57, (14 ered and if the approximation used for the inter-methyl,

intrat-butyl spin—spin interactions were perfect. The modu-
lation of the latter interactions by-butyl reorientation

_ M 16 . M contributes about 28% t&, or about 19% toR,+ Ry,

A=y gA'mraIW(G-mX 10° s79), (15  which together account for the maximum R at 250 K

(10°T" =4 K1) at 53.0 MHz as indicated in Fig. 4. If the

approximation used for the inter-methyl, intréutyl
and, spin—spin interactions were in error by, say 25%, this would
result in a change iﬁb by 7% and a change in the predicted
value ofR,+ Ry, and thus the fitted value @, /A, by about
5%.

More significantly, the theoretical values of tAedo not
account for the spin—spin interactions between the nine
) _ ) t-butyl protons and all the other protons in the vicinity. The
for M chemically equivalent-butyl groups andN protons in - ¢5¢16r 1 ~6 for proton—proton separatianensures that these
the molecule. We note that all fodr values are comparable, interactions will have a small effect because the three pro-
which is why very simplistic models that ignore these detailstons in a methyl group are so much closer to one another
are not helpful, even if they interpret the data fairly well. Thethan they are to other protons in the molecule and to the
term 27 A™e" in Eq. (13) contributes 28% ofA, while the  protons in nearby molecules. Considering only the protons in
term (32/9) A"'@ contributes 72%. the same molecule, an extension of the methods of P&imer

with the theoretically determined values for tAggiven by

~ M38 M
Ape=1y g AN =1y (161X 101 s72), (16)
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suggests that the methyl proton—extiadtyl proton interac- alkyl group rotations on the NMR time scale because the
tions would add terms to Eq$ll) and (12) that would in-  ethyl and isopropyl groups lack threefold symmetry. In these
crease the fitted value of/A by about 5%—10%from  solids, only the terminal methyl groups of the ethyl and
unity). Given all these matters, the fitted valuefgfa=1.07  iSOPropyl groups reorient on the NMR time scale. This is
+0.05 is very reasonable and consistent with the fitting" Marked contrast to the gas phase, where ethyl and isopro-

model. We note that a fitted value of/A significantly less pyl groups attached to aromatic rings have rotation barriers

than unity would be unacceptable and would require aban—that.are?,I;)_ Vg\,lge r than th_elr const|tue_nt methyl group rotation
. barriers: The barriers for rotation of the methyl groups
doning the model.

The fitted activation energies areE,=24.2 in these solids are in the range 9-14 kJmolThese are
b_ .

209 ol and E.—14.2:06 koo, the nceran. X000 compounce wih regs 1o e epretar,
ties being about 4%. Fitting IR versusT ! regions at the b pin—iatt xatl !

highest and lowest temperatures to linear least-square fiigl%”:z:hzggigﬁpgf g'ig;am::hIrétr;'s(g)a:a;?g]hai/ii much
gives an uncertainty of about 2% for each of these param: P a gs. gving

— 2.2 2.2 ;
eters. The other 2% comes from noting, visually, the effect Oﬁ;ré[zz:e(grc? ;glrgsfé(ﬁ;g:ﬁ’ Tn)e] (uoi\r/;esnutcgi;[)i;r;i?hlf
adjustingE, andE, on the total fit. Y grap y q

The fitted values ofry. and ... are 7y, =4.5x10 13 s qu. (5) and (6) useid to modek. Indeed, it is found that
and 7,.=2.0<10" s with large uncertainties, about A/A=1 and thatroolr_oc is of order pnity for these systems. _
+25%, Most of the uncertainty has its origin in the fact that | "€S€ two observations, along with the observed ranges in
when the activation energg in Eq. (5) changes by a small barr!ers_lndmate(l) that it is indeed methyl groups tha.t are
amount, the value of changes considerably becausés in ~ éorienting on the NMR time scal€?) that the appropriate
the exponent. proton spin—proton spin interactions are included in the

Equation(6) can be used wittE, and the moment of Model, and(3) that the simplest case of random hops de-
inertia for a methyl groud =5.39x 10~%7 kgn? to recast scribed b_y P0|ss_0n statlstu_:s is all that is needed. Th|s_ gives
one confidence in the basic mod®le view the dynamical

the fitted valuer,., into the form 7.,/ 7¢.,=3.2 for the two model used in these cases as essentially commiétouah
out-of-plane methyl groups in thiebutyl group. Given the . Y m'.“i 9
there is much to be learned from understanding the 9-14

crudeness of the simplistic classical harmonic oscillator 1 ! ) . .
. ~ i kJ mol = barrier range in terms of the different intramolecu-
model, this is a reasonable value fayr./ 7. . If the fitted

lar and intermolecular contributions to the barrier for methyl

value were several orders of magnitude greater than or le%froup reorientation in these ethyl and isopropyl compounds

than unity, this would be cause for concern. It is not clearin the solid state.

how applicable Eq(6) is for 7., sincer, characterizes the As a segue from the ethyl and isopropyl systems to the
reorientation of both thénearly in-plane methyl group and  more complext-butyl systems, we note, for comparison, that
the t-butyl group as a whole, presumably in some gearedn the gas phase the methyl rotation barrier in ethane has
motion. If the moment of inertia for a methyl group is usedpeen found by several different experimental methods to be
in EQ. (6) then 7p../ Ty metny=0.18 and if the moment of about 12 kJmal%; a recent determination by Fourier trans-
inertia of at-butyl group(approximated as 15 times that of a form far-infrared torsional spectroscopy gives a value of
methyl group is used, . / Tou ¢ puyi=0.046. 12.11+0.01 kImoiL.%° It is now well understood theoreti-
cally that this barrier arises from the additional electronic
stabilization of the staggered conformation relative to the
eclipsed conformation of the methyl groffpGas-phase me-
thyl rotation barriers are not as well known for ethane de-
rivatives that have additional alkyl substituents on the carbon
This paper is part of a long-range study, using low-atom to which the rotating methyl is bonded, but it appears
frequency proton NMR relaxometry and x-ray diffraction, to that each such substituent may result in the barrier being
investigate intramolecular reorientation in van der Waals solfaised by about 2—3 kJ mol.*?
ids made up of alkyl-substituted aromatic hydrocarbon mol-  In the solid state, the compounds witbutyl substitu-
ecules. We begin this discussion by considering some ethyknts are more complex and more interesting than the com-
and isopropyl-substituted aromatic molecular solids as gounds with ethyl and isopropyl substituents. We are aware
well-understood foundation. We then compare four closelyof only four aromatic systems witkbutyl substituents for
relatedt-butyl systems in an attempt to set the stage for thevhich both x-ray diffraction dataand solid-state low-
formulation of a more general model, in future studies, forfrequency NMR data are available: 4-methyl-2,6-di-
the reorientation of &butyl group and its constituent methyl butylphenol (1) (x-ray diffractiof® and NMR
groups in this class of molecular solids. relaxometry>®’ 3-t-butylchrysene(2) (as reported heje
Relaxation rate data show unambiguously that in thel,4-dit-butylbenzene (3) (x-ray diffractiof* and NMR
solid state, ethyl group$® and isopropyl groupé®® relaxometr{}); and polymorphA of 2,6-dit-butylnaphthalene
attached to planar aromatic molecules are always static  (4) (x-ray diffraction”*® and NMR relaxometry*9.46 We
the NMR time scalg with respect to rotation of the alkyl compare here the relationship between tteityl group en-
group around the bond linking it to the aromatic ring systemvironment and the NMR relaxometry results for these four
Intermolecular interactions in the solid state prohibit thesesystems.

V. DISCUSSION
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H
HiC CH, O H,CCH,

H,C CH;
(1) 4-methyl-2,6-di-t-butylphenol (2) 3-t-butylchrysene
H;C,
H,Cm CH,
\'CH;
HC CH,
(3) 1,4-di-t-butylbenzene (4) 2,6-di-t-butylnaphthalene

Thet-butyl groups ofl—4 in the solid state are found by tion for 1 the OH group is situated in the gap between the
x-ray crystallography to be oriented as indicated in thetwo out-of-plane methyl groups of thebutyl group, whereas
above-given drawings, with one methyl group lying with its in the transition structure fot-butyl rotation one of these
carbon atom in the plane of the aromatic rifoy nearly s  methyl groups is severely crowded against the OH group
and the other two methyl groups lying with their carbon (Fig. 5). This type of intramolecular steric effect is absent in
atoms above and below that plane. 2, 3, and 4, since thet-butyl groups in those three com-

The energy barrierg, andE,, obtained from our relax- pounds are flanked on the aromatic rings only by hydrogen
ometry measurements for the four solitls4, are listed in  substituents, which are sterically much less demanding than
Table I. The value oE,, the barrier for the synchronized the larger OH substituent ifh. This can account for the ob-
reorientation of the-butyl group and its in-planéor nearly  servation thafl has the largest value &, in Table I.
so0) methyl group, decreases along the sequédre@—3—4, For the reorientation of the out-of-plane methyl groups
while the value oft., the barrier for the reorientation of the in 1, we suggest that the barriér, is dominated by intrad-
two out-of-plane methyl groups, increases along this sambutyl electronic interactions analogous to those in etffane.
sequence of the four solids. Further experimental and conifhis defines the low-energy conformation and the transition
putational work will be needed before we can draw any constructure as having staggered and eclipsed conformations,
clusions about the significance of this intriguing reversal inrespectively, as illustrated in Fig. 6. In addition, however, we
the trends folE,, and E. because the values & for 2, 3, note that in a perfectly staggered low-energy conformation
and4 are very similar. At this time we can offer only a few each out-of-plane methyl group would have one hydrogen
qualitative interpretations for some of the trends observed ithat would lie about 2.3 A from the hydroxyl oxygen, which
the barriers given in Table I. is about 0.3 A less than the sum of the van der Waals radii

For 1, for example, we suggest that there are two imporfor hydrogen(1.2 A) and oxygen(1.4 A). In contrast, in a
tant contributions toE,: intermolecular steric interactions perfectly eclipsed transition structure the closest separation
between the reorientingbutyl group and neighboring mol- between a methyl hydrogen and the hydroxyl oxygen would
ecules in the crystal, anshtramolecular steric interactions be about 2.7 A. This would result in a greater energy-raising
between thet-butyl group and the OH substituent on the steric effect in the low-energy conformation than in the tran-
adjacent ring carboifFig. 5. In the low-energy conforma-

H
TABLE I|. Experimental values for reorientational barriérs. HyC §H3 (0] CH;,

t-butyl
rotation &
Ep E. H,C C”gHs
Compound (kdmolY  (kdmoll)  Refs. 8
1 4-methyl-2,6-dit-butylphenol 34 10 6,7 CH, CH,
2 3-t-butylchrysene 24 14 e
3 1,4-dit-butylbenzene 19 16 4 low-energy conformation transition structure
4 2,6-dit-butylnaphthalene 18 18 1,45
FIG. 5. Low-energy and transition structure conformations-foutyl reori-

3All uncertainties are approximatety1 kJ mol %, entation in 4-methyl-2,6-di-butylphenol(1).
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out-of-plane single-crystal x-ray data show that the four molecules in the
methyl unit cell are crystallographically identical, requiring a unique
environment fott-butyl groups. One methyl group lies nearly

Mléde Hy in the plane of the adjacent ring and the other two methyl

in-plane methyl ~

Me H out-of-plane

out-of-plane  Me 3% methyl
methyl ¥py _rotation - groups lie above and below this plane, respectively. There
OH oH are no unusually close intermolecular atom—atom contacts.
Me Zf;;gtzze Me fi"irs‘g;fce The observed proton spin—lattice relaxation rRtéas
CMe, CMe, been modeled in terms of the reorientation tfdutyl groups
low-energy conformation transition structure and their constituent methyl groups. These motions modulate

the proton spin—proton spin dipole—dipole interactions. We
FIG. 6. Low-energy and transition structure conformations for out-of-planehave used the simplest possible dynamical model. that of
methyl reorientation in 4-methyl-2,6-dibutylphenol(1). . o . ’

random rotors with a distribution of times between hops

given by a Poisson distribution. We have shown the impor-

sition structure, thereby decreasing the total baiier This tance of both performing a relaxation rate study at more than

type of barrier-lowering intramolecular steric effect is absemonevf\;eqhuenc;antdtﬁmplf);llngI(:W NIM R frequetnmtes ’
in 2, 3, and4, in which there are only small hydrogen sub- . € have put this study Into a larger context by compar-

stituents flanking the-butyl group, which is in accord with N9 th_e results for g-butylchrysene with three othemutyl-

the observation that has the smallest value &, in Table I. substituted aromatic compo_unds. For these four compounds

Consistent with this proposed intramolecular steric interac:[here app(?:lrs to be a Cgmmu# n|1 202 c(:qugs ble';\]/veell”n 1the two

tion, E for 1 is 2 kI mol'* lower than the barrier for methyl extremes. At one extreri@-methyl-2,6-dit-butylphenol,1),

reorientation in ethan® the two out-of-plane methyl group@bove and below the
Turning now to2, 3, and4, we suggest that intermolecu- plane of the aromatic ringeorient with a barriefower than

lar steric interactions are the main contributors to Ege j[hat expected solely on the basis of i.ntf"autyl eI_ectron?c

barriers, while intra-butyl electronic interactions are the Interactions, presumably becayse steric interactions with the

main contributors to th&, barriers. Thek, andE. barriers neighboring OH group selectivelaise the energy of the

for these three compounds each span only a rather narrolﬁw-e_nergy _conformatlon. Thebutyl group n 1 (and its
range(6+2 kJmol * for E, , and 42 kJmol * for E,). We constituent in-plane methyl groupeorient synchronously,
+ , o) . _ : s
suggest that the smaifferencesamong theE,, and also the and much more slowly, with a barrier determined in part by
E. barriers for these three compounds arise mainly fromthe differencein intramolecular steric interactions of the
C . . .
slightly different amounts of intermolecular steric interac- t-butyl group with the flanking OH substituent on one of the

tions in the low-energy conformations as compared with th@djacent ring cgrbons _and the flanking hydrogen substituent
transition structures for the reorientation of both tHeutyl on thf] c:hefr gcgageng rlnlg CaLbﬁnl' Al tZe o:‘her extr?mlndy-
and the out-of-plane methyl groups. The x-ray data show thaf °'P of 2,6-dit-butylnaphthalened), the out-of-plane

there are no unusually close intermolecular atom-atom corfethy! groups have_ aigher barrier than. inl, which we
tacts in2 (Figs. 2 and B that thet-butyl groups in3 are suggest can be attributed to two effects: the absende-of

nestled against the aromatic rings of neighboringtramolecular barrier-lowering steric effectsince both adja-

molecules’* and that the-butyl groups in4 interact with the cent ring carbons bear hydrogen substitugraiad the pres-
t-buty! grohps on neighboring molecul& ence ofintermolecular effects. I, thet-butyl group andll

The qualitative explanations proposed here need to bgwee of its .constituent methyl groups re.orien.t _synchroj
quantified in the future, both by correlating the crystal struc-nouilyl’ that '?’ .thtey IaII ha}ve ;he same b?mer W'th'tn expertl—
tures with the observed barriers, and by computational stydhental uncertainty. in going irom one of these extremes to
ies. This work is in progress. the other among the set of four compounds, a pattern

Prior to the present study, we had thought that there wer merges. as the barrier for reorl_entatlon of tHmityl group
only two extreme cases dfbutyl aromatic systems: those and_ the _m-plane methyl grojipncreases, the barrier for
like 1 with two very distinctE, and E. barriers, and those reorientation of the ou_t-of-plane_ methyl groups decre_ases.
like 4 with only one barrier. The current study, however, we are proceeding with exper_lmental and cpmputatmnal
shows that the barriers f& are intermediate between those studies to develop a more precise und(_arstandmg of the de-
for 1 and those fod. Furthermore, although the data f8r pendence of th&, andE, barriers on the intramolecular and
were fitted initially in the same ma’nner employed ogiv- intermolecular structures in crystals o¢futyl-substituted

ing a single barrier, a later and more careful analysis reveale?iromatlc compounds.

two distinct barrierdas listed in Table I. The results reported

here for2 and the reinterpreted d4téor 3 strongly suggest a . _
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