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A solid azobenzene dyestuff has been studied by a combination of single-crystal X-ray diffracti&iNand
CP/MAS NMR. The X-ray work establishes that the crystal structure of one polymorph is disordered. The
15N NMR proves that this is a temporal, rather than a spatial, effect. TP¥eenriched isotopomers (together

with a second polymorph) were examined by NMR, and assignments established by rotational resonance.
The shielding tensor components were determined, and the angles of change between their orientations were
established by a two-dimensional exchange experiment, the theory of which is discussed. Exchange rates
were measured both by selective polarization inversion and by band shape analysis. Thermodynamic parameters
for the barrier to exchange are presented. It is demonstrated, by the combination of X-ray and NMR work,
that the process is essentially a crankshaft motion of the azo linkage.

1. Introduction Recently, static two- and three-dimensional exchange spec-

NMR has become an immensely powerful technique for the troscopy has been applied to carefully chosen systems, yielding
analysis of solid-state dynamics and molecular structure. Early the relative orientations of a motional axis and the principal
in the development of NMR it was realized that rapid motional axis systems of the affected shielding tensors. Prior to these
processes occur in the solid state, providing relaxation sourcesmultidimensional sequences, only simple systems with very few
when the rates are similar to the Larmor frequency of the nucleuslines could be fully analyze#*4 Spectra of static solids are
under investigatioA. Large-amplitude motions in solids, such generally broad powder patterns, so that high-resolution spectra
as 180 phenyl ring flips, have been studied by NMR. are desired to resolve the spectral overlap for multiple-site
Dynamic processes in both organic and inorganic solids havesystems. Under rapid sample rotation about the magic angle
been observed, and the vast array of publications on the subjec{MAS), these powder patterns decompose into a series of narrow
holds testimony to this fact. lines centered at the isotropic shift and separated by the spinning

The utilization of single-crystal X-ray diffraction techniques rate. The anisotropic information is thus encoded into the inten-
in combination with solid-state NMR has proven to be extremely sity of individual sidebands. MAS greatly improves the sensi-
powerful. The molecular-level structure of the system can be tivity and resolution obtainable from solid-state NMR, and the
intimately probed using the diffraction analysis, but temporal 2D rotor-synchronized exchange experiment was consequently
and positional disorder can remain undetected or undifferenti- developed to study slow molecular reorientation and chemical
ated. Additionally, disordered systems can prove difficult to exchange processes’ Recently it has been applied to inves-
crystallize, and this often prevents an X-ray determination of tigate molecular conformations through polarization tran®fer.
such structures. Even when sufficiently large crystals are The family of donor-acceptor azobenzene dyes, classed as
produced, the structure cannot generally be refined simply, high gisperse dyes, discussed in this paper has been extensively
accuracy on the atomic parameters being difficult to obtain. The stydied in the solution state by NMR and visible spectroscopy.
NMR spectra, however, can be significantly influenced by the Very few samples have been examined in the solid state via
presence of motional processes and can be obtained withoukither NMR or diffraction techniques. However, Chippendale
the requirement for single crystals. The two techniques comple- gt 5110 have analyzed a series of disperse dyes using solid-state
ment gach other for a full structural determination of crystalline 13 NMR and have suggested that rotation of the individual
materials. phenyl rings is hindered in the crystal environment.

* To whom correspondence should be addressed. Phérd:(0)191 We present below results obtained from the application of
374-3121. Fax:+44-(0)191-386-1127. E-mail: r.k.harris@durham.ac.uk. ~ solid-state 15N NMR spectroscopy to polymorph A of a
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SCHEME 1. Molecular Structure of | TABLE 1: Crystal Data and Structure Refinement for I,
COCH Obtained at 293 K
3
H_N/ empirical formula GoNsO7H3s
formula weight 471.47
NOzONa wavelength 1.54184 A

\\Nﬁ N(CHoCH»CO»CHa)» crystal system monoclinic

space group P2,/c

unit cell dimensions  a=18.353(2) A,o. = 90°
b=12.230(2) A3 = 98.40(1}

previously reported!®N-enriched azobenzene dyestuff/- 2 volume ngzé%g)sg) Ay =90
acetamido-4[N,N-bis(2-methoxycarbonylethyl)amino]-4-nitro- 7z 4

azobenzenel (Scheme 1), which undergoes conformational density (calculated) 1.346 g/ém

exchange in the solid state. The range of the kinetics analysis abS(:rFI)tiQH coefficient (?-293 ggﬁ 0.05

i imi i i crystal size . .Oox 0. mm

is max_lmlzed by the application of a complgte band shape ingj/ex ranges o2 <h=22 -15<k<1 -1<|<11
analysis at elevated temperatures, together with the use of the 4 o< Collected 4629

selective polarization inversion (SPI) sequédcat reduced independent reflections  339R(nt) = 0.0908]

temperatures. The SPI sequence is the 1D equivalent of the

2D EXSY sequence, introduced by Jeener éfafhe use of  and 1.00) using the TEXSAN softwake. The structure was
the 1D SPI sequence reduces the required time for the kineticssolved by direct methods and refined by full-matrix least-squares
analysis considerably in comparison to 2D EXSY. The relative against all positiveF2 to R = 0.070, using the SHELXTL
orientation of the'*N shielding tensors of the azofNand Nn  softwarels Additional information relating to the crystal data
sites inl and the change of the shielding tensor orientations g structure refinement at 293 K is given in Table 1.

caused by the molecular exchange between conformations 1 and gqjig-State NMR. The high-resolutiod®N CP/MAS NMR

2 are investigated by the 2D MAS exchange experiment. In gpectra were recorded at both 20.3 and 30.4 MHz on Chemag-
the N doubly labeled sample, the exchange cross-peaks arepetics CMX200 and Varian VXR300 spectrometers, respec-
either caused by the molecular exchange between the tWoyjyely. The kinetics study was carried out on sampjgusing
conformations or induced by the polarization transfer between e “v/arian spectrometer. Proton afdN field strengths

the two labeled sites through the direct dipolar coupling between equivalent to~33 kHz were applied during the contact period,

two nuclear spins. With a moderate magic-angle spinning \ypile retaining high-power proton decoupling with an effective
frequency, the four resonance lines of il doubly labeled  fig|q corresponding to 62.5 kHz ¢4s proton 90 pulse duration)
sample become resolved, while the shielding tensor information during the5N signal detection and evolution periods of the
is retained in the relative intensities of spinning sidebands. The exchange sequences described below. Other spectrometer
improvement of spectral resolution and sensitivity allows the operating conditions used were spectral width, 45 kHz; contact
extraction of shielding tensor orientations from the 2D spinning time 10 ms: recycle delay,-20 s. The HartmanaHahn
sideband cross-peak intensities in a pairwise manner. A full h5tching conditions, referencing, and angle-setting were carried
solution of the crystal structure has also been determined for 5, using 20% doubly enriched NNOs, with the NG~ signal

t_he same p_olymorph, which provides complementary informa_- being externally referenced te5.1 ppm, relative to CENO,.

tion regarding the conformational rearrangement that occurs in - 14 selective polarization inversion sequence used involves
the crystal frame of reference. The NMR evidence of exchange s creation of transverse magnetization via standard cross-
throws light on the disorder indicated by the X-ray results. polarization. A nonequilibrium distribution is formed by

inversion of one of the spins via a range of possible methods.
For systems with a large anisotropy of the shielding tensor, as
Sample Preparation. Samples ofl were prepared by N.  in the present azo nitrogen system, it is rather difficult to
Hall of BASF-plc, with theo. and/or azo sites enriched to  selectively invert with high efficiency over the whole sideband
~95% with 15N to create three types of isotopomer: i.e., labeled manifold using the DANTE or on-resonance low-power irradia-

2. Experimental Section

at (1) thea position, (2) the3 position, and (3) botte andj tion schemes, especially since the two isotropic shifts are so
positions. The polymorphic form was determined as discussedclose. Two options exist that can eradicate this problem. One
previously by X-ray powder diffractioht Four samples in all is rotor-synchronized DANTE® and the other involves a
have been utilized, with all three isotopomers of polymorph A specifically timed nonselective high-power pulse. The method
being prepared, but polymorph C being labeled ajtpesition of inversion chosen here was the second one, which was first
only. These samples are denoted by, MAS3, Aag, and 3, applied to solid systems by Szeverenyi et'alwhereby the
according to polymorphic form and position of labeling. 15N transmitter is positioned such that the frequency offset for
X-ray Diffraction. A suitable single crystal of form Awas  one resonance is twice that of the other resonance. Following
obtained by recrystallization from a 50/50 mixture of &Il the initial CP preparation, the two signals will rotate relative to

and MeOH over a period of a month. The resultant thin the transmitter position, with one precessing twice as fast as
needlelike crystals proved to be relatively poor diffractors, but the other. The; evolution period in the 2D EXSY sequerée
data collection was possible at both ambient temperature (293now becomes a fixed delay corresponding to d¥{2 where

K) and at 150 K. The diffraction experiments were carried out Jv is the frequency separation of the two lines. This allows
on a Rigaku AFC6S four-circle diffractometer with a Cryo- the two signals to acquire a relative phase differencerof
stream open-flow nitrogen gas cryostat, using graphite mono- radians, which results in the signal closest to the transmitter
chromated Cu k& (A =1.54184 A) radiation. The unit cellwas being phase inverted. Since this technique does not involve a
refined on the setting angles of 25 intense reflections with 15 selective inversion pulse, it has a very high inversion efficiency,
< @ < 24°. The room-temperature data were corrected for which primarily depends on the accuracy of the pulse duration.
absorption by the empirical method (72 azimuthal scans of 2 Obviously this technique would not be the one of choice if there
reflections, minimum and maximum transmission factors of 0.79 were other lines in the spectrum involved in the exchange
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Ineq 1, @, B, y) are the Euler angles from the molecular-
fixed frame to the initial {= 0) rotor-fixed frame. The isotropic
chemical shift, which merely changes the position of the
spinning sideband array in the spectrum, is dropped in eq 1
gféggl 1 H H bgcause_ its value does not affect the spinning sic_zleband intensity

— distribution. The evolution of spin magnetization under the

90;’: 90%, 909 chemical shiftw,(t) is described by the phase factor

a) 5] Tm —0

pt R 0ulta t) = ex fw (0 ] =
b) I fa(wrtZ + V) f;(wrtl + ’}/) (2)

P — with the function

Figure 1. (a) One-dimensional analogue of the exchange sequence. i , ,

Heret; is a fixed delay which is rotor synchronized, anglis variable. fa(1/)) = eXF{Jﬁwwa(a, B,y dy ] 3)

(b) Rotor-synchronized pulse sequence for 2D MAS exchange spectra r

with pure absorptive line shapes. The beginnings of the evolution period . . L .

and of the acquisition period are triggered by the rotor signal as  1he funC_tlonfa(w) IS CyCl!C with a period of Z and can be

indicated. A cross-polarization and storage sequence (not shown in theexpanded in a Fourier series,

figure) is placed before the 2D pulse sequence for the enhancement of

signal intensity and for shortening the recycle time. The minimum phase i )

cycles arep; = —vy, x, receiver= x, —y for the P sequence ang, = f(v) = z Faelv

-y, X, receiver= x, y for the P sequence. Additional phase cycles of k=00

the cross-polarization spin-lock pulse and of the laStfi0se are added

to the minimum phase cycles. Amplitude-modulated data sets are a1 pon ke

obtained from the two phase-modulated data sets according to Hage- Fe=15= f(y)e ! dy (4)
2rJ/0 2

meyer et af for 2D spectra with absorptive line shape.

The contribution of a single spin to the free induction decay

process. The evolution time must be rotor-synchronized due can be expressed as
to the dephasing of the magnetization from the anisotropy of
the shielding tensor. The application of the seconti [@@se,
which stores the magnetization along #eis, should be timed

SO as to create this rotor-synchronization. During the mixing
time, cross-relaxation occurs via exchange between the twoyt js apparent that the frequency-domain spectrungf, 0)

spins, as well as from spiflattice relaxation. After storing  consists of an array of spinning sidebands with intensity
the magnetization for a variable mixing periog, the magne-

%u(tO)= > FA(F2)*e/ kD7l 5)
kI==00

tization is restored to the transverse plane and the FID is a oy i(k)
recorded. This sequence is shown in Figure 1a. (o, B,y) = z FR(FD)*e"™ (6)
The 2D MAS exchange experiment was performed on a 300 I==o

MHz (*H resonance frequency) home-built spectrometer equipped
with a Chemagnetics 6 mm double-resonance MAS probe. The
2D data were acquired using the rotor-synchronized 2D ex-
change pulse sequence shown in Figure 1b. A cross-polariza- 1 jon .

tion sequence wita 7 mscontact time and subsequent magneti- Sk = Ej; d(lﬁ, sing dB Fe(FR)* (7)

zation storage were used (not shown in Figure 1b) to enhance

the signal intensity and to shorten the recycle delay to 10 s. for a powder sample. It is apparent from eq 7 that all spinning
The *H and**N rf field strengths were both equivalent to 42 sigebands have pure absorptive line shape.

kHz during the cross-polarization, but thd rf field strength During the mixing period of the 2D rotor-synchronized MAS
was raised to 55 kHz for the proton decoupling. A total of 256 exchange pulse sequence, the molecular exchange process
data. The total data collection time was 23 h, with 16 transients magnetization is transferred from spmto b. After the

per increment. The MAS spinning rate was regulated (at 3000 accumulation of transients with the two-step phase cycles listed

+ 1 Hz) with a Chemagnetics MAS speed controller, and the jn Figure 1b, one obtains for the’Bequence the time-domain
TTL signal from the speed controller was used to trigger the exchange signal contribution,

pulse sequence shown in Figure 1b. The pure absorptive 2D

spectrum was processed using the Felix software (Biosym/MSl, G;rb((x, B,y)=
San Diego), following the scheme described by Hagemeyer et

San Diego) . y Hagemey Lot + 7) 120) o + ot + ) fiot +7) ©)

from a single-spin contribution. The superposition@f £, v)
leads to the spinning sideband intensity

. . . . +
3. Calculation of Spinning Sideband Cross-Peak Intensity With th; Fourier expansion in eq &,(a, S, y) can be
. . o expressed as
In the presence of orientation-dependent shielding, the

chemica}l shift is modulgt?gd for a sample spinning at the magic G;rb(a, B,v)=
angle with frequencyy,'® -

Fa Fa * Fb E *ei(k—l+m—n)yei(k+m—n)w,tleimm,tz 9

o) = 0@, By0), Wherep =0t ty @) g ) D ©
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The expansion leads to the following expression for the 2D
spinning sideband cross-peak intensity from a single-spin
contribution:

00

b B =Y FUFY* Fi(Fin ) e™ ™ (10)

k,|==00

whereM andN are the spinning sideband orders alongdhe
and w, dimensions, respectively. N4y
For molecular exchange processes, the exchange amplitude
for mixing time 7, is normally independent of the molecular as) ;
orientation. For polarization-transfer processes, the transfer LA
amplitude approaches a uniform distribution when an equilib- b—a
rium of spin polarization is reached among the coupled sites i
with a sufficiently long mixing time. The superposition of a Figure 2. ORTEP plots of the two molecular conformations for the

; ; TR ; X-ray structure determination df at 293 K. Thermal ellipsoids are
u.nlform exchgnge Slgnal contribution Wlth- rESpe.Ctaoﬁ’ V) shown at 30% for clarity, with conformer 2 being represented by the
yields the spinning sideband cross-peak intensity solid lines

N_ L e T i < (ra *pEb FarEa * tions. This is as suggested in our previous papewhich

gb 4th; d(xﬂ) sinfs df k:Zw(FM) P FFlenu investigated structural features usitig CP/MAS NMR. The
structure determined at 150 K showed virtually the same
_1 pon T aykpb ab geometrical arrangement, with the occupancies of conformations
" 4gJo dafo sin dB(Fw)” Py G- (11) 1 and 2 being 53% and 47%, respectively. Only the geometrical
features of the room-temperature structure will be discussed
for a powder sample.G;" is the same Fourier expansion since it is thought that a poorer quality crystal was used in the
coefficient as in eq 4 but for the chemical shift difference of 150 K experiment, resulting in a reduced signal-to-noise ratio.

spinsa andb, Conformation 1 is stabilized by formation of an intramolecular
1 2 . N(3)—H---N(2) hydrogen bond. For the idealized position of
sz =5-Jo 1eXF{Lf(wa(OL B,y — the hydrogen atom, the -HN(2) distance is 2.13 A, the
@r N(2)-+*N(3) distance is 2.79 A, and the NBM--*N(2) angle

' i —iky is 133. Consequently, a six-membered ring is formed by the
op(0 B, y7)) dy’|e T dy (12) hydrogen-bond formation, which presumably additionally sta-
o bilizes the system by promoting planarity of the whole molecule.
In the absence of magnetization exchanGy = Oww; Additionally, at room temperature the O(3) and O(4) sites were
therefore only the spinning sideband diagonal peaks have considered to be disordered over two positions, with occupancies
nonvanishing intensities. It should be noted that in general all refined to 35% and 65%, and at 150 K the presence of slightly
the spinning sideband cross-peaks are real for powder safnples,e|ongated ellipsoids indicated the presence of the same disorder,
and therefore a pure absorptive 2D spectrum can be obtainedyyt significantly reduced in magnitude.
from an additional data acquisition using the Sequence in The X-ray results establish the fact of disorder, but are unable
Figure 1b for the construction of amplitude-modulated time- 4 gistinguish between spatial and temporal effects. The occu-
domain data following the scheme described by Hagemeyer ety cies are relatively close to one another at both temperatures
al® o ) ) . . used. However, thEC NMR results reported previoushand,
The 2D spinning sideband cross-peak intensities are sensitiveayen more definitively, th&N NMR discussed below establish
to the diff_erence of_the_ shiglding tensors of the exchange Sites-unequivocally that the disorder is temporal (i.e., dynamic) in
The off-diagonal spinning sideband cross-peaks; N, appear nature. On the other hand, the one-dimensional NMR experi-
only when two shielding tensors are different. The difference ments do not necessarily give information about the structural
depends not only on the principal values of the two shielding featyres between which the exchange occurs. In the present
tensors but also strongly on their relative orientations. Thus, case for instance, the NMR observations could be explained
the 2D MAS exchange experiment is a particularly suitable y yotation of the amino-substituted aromatic ring about the
technique to probe the shielding tensor orientations, which are C—Np bond (though of course that seems unlikely because of
normally not available from the 1D spectral line shape of powder gteric hindrance from intermolecular interactions). Thus the
samples. combination of MAS NMR and X-ray crystallography proves
that the motion in question is effectively a crankshaft rotation
of the azo group (or, alternatively, but less likely energetically,
Single-Crystal X-ray Analysis. In refining the structure  a simultaneous in-plane inversion at both nitrogen centers). The
obtained from the room-temperature data it was found that there X-ray information can then be compared with the analysis of
is a single molecule in the asymmetric unit, but that N(1), N(2), the two-dimensional NMR data, delimiting the spatial change
and C(1) to C(6) of the phenylene ring are disordered over two of the>N shielding tensors. The combination of single-crystal
positions (Figure 2), occupying virtually the same volume. Note X-ray and!®N CP/MAS spectra is thus shown to be exceedingly
that the designations N(1) and N(2), used in discussion of the powerful.
X-ray results, correspond toMNand N, respectively. The The conjugation, which extends over both aromatic rings, the
occupancies of the two sites were refined to 47% and 53% for azo group, and the nitro group, results in an essentially planar
the conformations 1 and 2 shown in Figure 2. As a result, the system (ignoring the ester chains at N(5)). The deviations from
azo group is seen to be disordered between two trans conformathe mean plane of the molecule are®2and 4.3 for conforma-

4. Results and Discussions



Solid-State Conformational Rearrangement J. Phys. Chem. A, Vol. 102, No. 20, 1998509

a)

b)
c)
d)
e)
T T T T T
120 100 80 60 40
Figure 3. Molecular packing for the structure of (a) projection on
the (2 0 1) plane; (b) vieyv d(_)V\_/n this plane. Only one conformer is 8/ppm
shown in each case for simplicity. Figure 4. Nitrogen-15 CP/MAS spectra for the labeled samples of
polymorph A ofl: (a) o, double label at a spin rate of 2330 Hz,
tion 1 and 14.7 and 3.7 for conformation 2, about the C(#) which corresponds to the = 1 rotational resonance condition; (b)

N(2) and N(1)-C(7) bonds, respectively. The ester chain also ./ double label in the high-speed limit; (8)single label; (d)x single
prevents the formation of a regular stacking arrangement of the20€!. and also for polymorph C of () /i single label.
entire molecule, but it is possible to discern partial stacks (Figure azotoluene we have observed broadened peaks for C(2) and C(6)
3). They include pairs of antiparallel C{B) and C(712) in the3C CP/MAS spectra at room-temperature, resulting from
aromatic rings with an interplanar separation of approximately a slow conformational rearrangement (see also ref 10). Upon
3.3 A, which is typical forr—zx stacking. These dimers are raising the temperature the two peaks collapse into a closely
interleaved by amido groups. separated doublet, under the typical two-site exchange phenom-
It should be noted that many phenylazobenzenes crystallizeenon. The fact that the lines collapse into a doublet is
in the monoclinic crystal system, with similar cell dimensions. presumably a result of the fact that the packing around the
Such structural mimicry is commonplace for structures based phenyl group is not symmetric in the crystal. The disorder
mainly on van der Waals interactions. Thus, molecules that observed in the crystal structure may be associated with a similar
exhibit similar van der Waals surfaces crystallize in similar motional process as investigated hereIfor
arrangements, provided that hydrogen-bonding interactions do Harada et a#* suggested that the conformational exchange
not dominate in the crystal formation. For example, the was mediated via a vibrational motion of the N-phenyl bonds,
analogousrans-stilben&? andN-salicylideneaniling molecules and if the vibration amplitude was sufficiently large, then it
are both known to crystallize with thB2;/c space group. was possible for a conformational jump to occur. Furthermore,
Single-crystal X-ray diffraction studies have been carried out the vibrational motion produced a transient (transition) confor-
at room temperature on the parent moledra@s-azobenzerf@ mation where the azobenzene moiety was arranged perpendicu-
and the next homologup-azotoluené&? with both molecules lar to the phenyl ring planes.
showing similar disordered arrangements. Two conformations  Nitrogen-15 NMR. The N solid-state CP/MAS NMR
for each molecular system were found, with essentially different spectra of A&, Aj, Ao, and @3 are shown together in Figure
orientations of the azo linkage, just as in the present structure4. The spectra of the two singly labeled samples of polymorph
determination. Those diffraction experiments did not yield A both display the presence of the two conformations, with shifts
information relating to the nature of the disorder, since it is not of 60 and 44 ppm for & and 121 and 89 ppm for@® These
possible to distinguish between spatial and temporal cases atare sufficiently separated in each case that it is clear the origin
one temperature. An investigation by Harada et‘ghyblished is not the existence of two molecules with similar conformations
while the present paper was in the final stages of preparation,in the asymmetric unit. The spectrum of isotopomerSA
utilized X-ray crystallography at temperatures below 100 K to appears to be simply a superposition of those for the two singly
elucidate the disordered naturetcdns-azobenzene and three labeled samples. ThE®N shift of 105.4 ppm for sample &£
methylated derivatives. Their results showed a change of theappears not to correlate to the same structure as those for
fractional populations of two disordered sites as a function of polymorph A, which is actually as expected from consideration
temperature, ultimately freezing out the disorder tians- of the 13C spectrd! Polymorph C was thought to be present
azobenzene at 80 K, thus verifying that for the species in the non-hydrogen-bonded conformation, with the acetamide
investigated the disorder was dynamic in nature. Iper group rotated out of the plane associated with the azobenzene
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Figure 5. Contour plot of the 2D MAS exchange spectrum for the @,/ ol

15N doubly labeled sample &3 at 283 K with a 2 gnixing time. The

expanded 1D spectrum in the central spinning sideband region is alsoFigure 6. Experimental and simulated 2D spinning sideband intensity

plotted along with the peak assignments. distributions for sample 43. The left side corresponds to exchange
of the N3 site between the molecular conformations 1 and 2, and the

; ; ; ; right side is for the I§ and Nu sites in conformation 1. The top and
moiety. Such a reorientation would alter the electronic overlap mgiddle figures shovD\? the surface plot and the contour plotpof the

between the azo nitrogen system and the acetamide group. Th%xperimental measurements. The bottom figures are the best-fit

local geometry infers that, in the non-hydrogen-bonded con- simylations with values of = 37° and6 = 5° for the left and right
formation, theo azo site is spatially far removed from the acet- plots, respectively.

amide group, and thus its chemical shift would be influenced
only slightly by the acetamide system. However, fhsite is hand, repeating the CP/MAS spectrum at a spin rate of 2330
only approximately 3.5 A away from the acetamide group, and Hz, corresponding to matching the 121 and 44 ppm resonances,
consequently any reorientations would alter the electronic envi- resulted in a splitting of~200 Hz (similarly for the 89 and 60
ronment of thes nuclear site. The natural-abundanceeso- ppm resonances). The= 115N CP/MAS rotational resonance
nance for polymorph C is coincident with that of the 60 ppm spectrum carried out at a spin rate of 2330 Hz is shown in Figure
resonance for one of the sites for polymorph A. Thus, the  4a. This result leads to the conclusion that the 121 and 44 ppm
resonances at 60 and 44 ppm can be assigned to the nonresonances arise from nuclei in the same molecule, and they
hydrogen-bonded and hydrogen-bonded conformations, respeccan thus be assigned to the hydrogen-bonded conformation. With
tively. this assignment obtained, it became sensible to pursue the
This, however, does not help in the assignment of tifie A kinetics analysis.
sample on which the kinetics analysis was carried out (see 2D Rotor-Synchronized Exchange Experiments.Figure
below). This problem was addressed by consideration of the 5 shows the 2D MAS exchange spectruni®f doubly labeled
fact that sample &8 contains an isolatet¥™N—15N homonuclear Aof at 283 K, along with a 1D expansion of the central
spin-pair. Under magic-angle spinning, dipolar couplings are sideband region. The four resonances correspond to the N
averaged to their isotropic value, which is zero. These couplings and N sites in the two molecular conformations. The 2 s
can be reintroduced by the application of the rotary resonancemixing time is sufficiently long for complete exchange between
technigue (R) used to measure homonuclear dipolar coupling the two molecular conformations to occur and for complete
constantg5-27 This technique involves matching the spin rate polarization transfer between the two labeled sites. Spectral
to the chemical shift separation, in hertz, between the two intensities are integrated for the cross-peaks connecting the
coupled spins, resulting in a scaled dipolar/chemical shift powder spinning sidebands for each pair of resonance lines. Figure 6
pattern. shows the surface plot and the contour plot of a typical 2D
In the present case, matching the spin rate to the separatiorspinning sideband intensity distribution. A maximum of 16
between the 121 and 60 ppm resonances should reintroduce thepinning sideband intensity distributions can be extracted from
dipolar coupling if these two resonances are from spins presentthe spectrum of the four-site system. As outlined earlier, the
within the same molecule. This separation, &t Larmor principal components of the shielding tensor are required for
frequency of 30.5 MHz, is~1860 Hz. However, thé’N CP/ the analysis of the 2D exchange spectrum. WasylishenZét al.
MAS spectrum obtained at this spin rate showed very little have analyzed the orientation of the shielding tensotréms
change in line width for the relevant resonances. On the otherazobenzene in the PAS and suggested thatvtheomponent
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TABLE 2: Principal Components of the 15N Shielding in Figure 7 show the 2D spinning sideband intensity distributions
Tensors for Conformations 1 and 2 of the Azo Nitrogensx for various angle$. The strong dependence of the 2D spectra
and g in Polymorph A on the angle) ensures an accurate determination of the relative
ool Oisdppm ou/ppm o22/ppm o33/ppm shielding tensor orientations.
44 ~179.8 —606 ~102 168 The best-fit simulation for the Blsite is shown in Figure 6
60 —195.8 —636 —113 164 and was found fo® = 37°. The exchange between the two
89.6 —225.4 —713 —158 187 molecular conformations rotates the principal axes of the
g%b :ggg:g :;gg :122 gg shielding tensors in the plane by °37and the corresponding

angle for the N site was found to be 31 Due to the symmetry

2 Reported relative to the signal for GNIO,. The determined shifts  constraints imposed upon the experiment, these angles could
(64) and shieldingsd;) are related according tg = —135.8-0;, where  g|sg be (180- §)°, which appears realistic when one compares
di are measured on the nitromethane scale and shielding component§y o results to the ORTEP plot in Figure 2. By placing the

are given relative to the bare nucle§he principal components for . : . . .
azobenzene, as determined by Wasylighare given for comparison. ~ 2X€S collinear with the lone-pair orbitals of the corresponding

The principal shielding components are ordered according tn; < azo nitrogen, one obtains angles of 13#Hd 136 for the N(1)
022 < 033 as defined by Masof?. and N(2) sites, respectively, from the X-ray study, which

compares to 143and 149 from the 2D exchange results. The

o o lone-pair orbitals were assumed to be along the vectors that
6=0° 10 20 bisect the N(1}N(2)—C(7) and C(1}N(1)-N(2) angles.
Figure 6 also shows the experimental measurement and best-
fit simulation of the spinning sideband intensity distribution
i connecting the resonance lines g Bind Nu. sites in conforma-
tion 1. Itis apparent from the figure that most of the intensities
are concentrated within the cross-peaks lying along the main
diagonal, indicating that the two sites have similar shielding
tensors, including the principal values and the orientations of
the principal axes. It should be expected that the two tensors
have similar principal axes because the local environments for
the two sites have nearly inversion symmetry. By comparing
the simulations, the angles between the principal axes of the
shielding tensors in the local plane are found to be smaller than
5° for the two conformations 1 and 2.

Kinetics Analysis. Two-dimensional experiments of the kind
just discussed are in general rather time-consuming, even for
the case of highly labeled samples, and so an analogous one-
dimensional experiment was carried out over a large temperature
range. With systems possessing a large anisotropy of the
shielding tensor, one must consider the effect of the sample

Figure 7. Contour plots of simulated spinning sideband intensity spinning, W.hiCh furthe_zr Complicates the si_tuati_on. _Under MAS
distribution for the N8 site exchanging between molecular conforma- the erhasmg associated with tgeriod is primarily d“‘? to
tions 1 and 2 with differend angles between thes, principal axes of  the time dependence of the resonance frequency resulting from
the shielding tensorszs principal axes are perpendicular to the local  the anisotropy of the shielding tensor. As proved by Maricq
molecular plane. and WaugH8 such dephasing is only refocused at integral
multiples of the rotor period, and a rotor echo occurs, forcing

is collinear with the lone-pair orbital and tlvgz componentis  one to store the magnetization only at the top of a rotor echo.
approximately perpendicular to the plane of the azo linkage. The temporal width of the rotor echo is inversely proportional
The principal components of théN shielding tensor for all  to the static line width, and for systems with large anisotropies
four sites ofl Ao are given in Table 2. These values were this fact imposes a strict rotor synchronization on the evolution
obtained from an analysis of the static line shapes of the A period. Experimentally it was observed that the evolution time
and A3 singly labeled samples. However, coupling to the had to be a multiple of 2rotor periods, whera is an integer,
neighboring'“N nucleus was ignored because the actual values and that the error in the spin rate should be less than the line
obtained for the shielding components were found to be width of the individual sidebands~G0 Hz). A spin rate of
insensitive to this coupling, which is in part due to the particular 3850 Hz was subsequently chosen such that 2, and at;
orientation of the shielding tensor relative to the dipolar vector. evolution time of 515us was used. An example of a SPI
In comparing the principal components, it is clear that most of spectrum with no mixing time is given in Figure 8. During the
the difference in the shifts observed for the isotropic values is period where the spins are relaxing according Tip and
associated with a change m:. This component is highly  exchange, the signal intensity can be determined via the
sensitive to the energy of the— z* transition, and therefore exchange-modified Bloch equations.
the interaction between the system and the nonbonding For a two-site A<= B scheme the coupled differential
electrons defines the resonance frequency. equations for the z-magnetizations are

Figure 7 shows the simulated spinning sideband intensity
distribution connecting the resonance lines of the dite in
conformation 1 along; and in conformation 2 along,. For
I, the o33 axis can be assumed to be perpendicular to the local d
molecular plane, and the relative tensor orientation is described o, By _ B _ naBy _ B A
by the angled between the twa,, axes. Simulations presented dt(MZ) = ~Rey(Mz = Mo) = Mz + Mz (14)

d
SME) = —Ryy (M5 — MB) — kM5 + kM (13)
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TABLE 3: Sum of the Exchange Ratesk: + kp, as a
Function of Temperature from (a) the SPI Data by Fitting
the Difference Magnetization (243-323 K), and (b) the
Bandshape Fitting at Elevated Temperatures (328352 K).

J l The Forward and Backward Ratesk: and k, Were
b - S Determined from the Sum, Together with the Equilibrium
1 I Constant K
T/IK ksunfHZ K ki/Hz ke/Hz
243 0.110 1.31 0.062 0.048
253 0.343 1.24 0.19 0.15
. 263 1.40 1.21 0.77 0.63
700 450 50 -300  -550 273 4.06 1.16 2.18 1.88
/ppm 281 10.3 1.12 5.4 4.9
Figure 8. An example of an initial-state phase-inverté spectrum 295 45.4 1.07 23.4 22.0
with no mixing time forl. 303 87.6 1.04 44.6 43.0
313 178 1.01 89 89
80.0 323 349 0.98 172 177
328 460 0.94 223 237
336 962 0.91 458 504
o 60.0% 345 2260 0.88 1055 1205
= ¢ 352 3360 0.84 1536 1824
= (]
Q
z ’
é 400y ¢ . seen, the exchange process is much faster for the higher
B W . temperature, as expected. The results from the whole temper-
£ 20.0 “ ‘. ature range are given in Table 3. The equilibrium conskant
. . was determined from the modulus of the ratio of the Mg
* and M2 coefficients. The values were obtained by linear

regression of eq 15, using the software package MATHGAD.
Further increases of the temperature resulted in a broadening
of the signals, which was maximum &a{70 °C at 30.5 MHz.
This typical two-site exchange has been observed many times
previously, and the resultant band shapes can be fitted according
to the exchange-modified Bloch equations, which were solved
by Rogers and Woodbu#y for the simple isolated two-spin
system. At the high spinning rates used6(kHz) there was
no overlap between the exchang@oadened sideband mani-
folds, and therefore the above approach can be applied without
complication. The estimated values of the exchange rates are
given in Table 3 along with the results from the SPI analysis.
The thermodynamic activation parameters for the molecular
reorientation ofl were determined from Eyring plots (k(T)
vs 1/T) of the kinetics data given in Table 3 (Figure 10). Least-
squares fits produced the parameters, which are summarized in
Table 4 for both the forward and backward processes (use being
-1y Te et made of the equilibrium constants listed in Table 3). These
relaxation time, which is generally shorter than that fortié activation parameters yield information relating to the structure
nucleus. The'N T; relaxation time is long enough to allow  of the potential energy surface, which is assumed to be a double
the exchange-modified Bloch equations to be simplified by ||, and therefore to the relative stabilities of the two structures.
ignoring such relaxation during the relatively short mixing times. Here we assume that the transmission coefficieistequal to
The time evolution of the individual magnetization vectors, ynjty. The interconversion rate between the two conformations
during the mixing time, can now be considered to be governed js gominated by the enthalpic contribution to the Gibbs free
by first-order reaction kinetics and therefore can be fitted, for energy, which is as expected since the activated state is unlikely
the general case of a nonintegral equilibrium constant, t0 a g have a significantly different entropy from the ground state.
simple shifted exponential function. In the following analysis The parrier is of the same order of magnitude as for simple
the difference of the two magnetizations was fitted as a function phenyl ring rotation, for which it has been shown in a typical
of mixing time: casé that the free energy of activation is ca. 58 kJ Mol The
volume required for rotation of a phenyl group is not dissimilar
to that for the diazo group. However, barriers to rotation in
the solid state have important contributions from crystal packing
interactions, so that comparisons between disparate cases are
The relative sign (phase) of the magnetization vectors is not particularly fruitful. This azobenzene dye has a relatively
retained in these equations, and as a result, the first factor islow density (1.346 g/cr¥) in comparison to many other organic
the total initial magnitude of magnetization, the second expressesmolecules, which implies a large free volume, thus facilitating
the exponential recovery back to equilibrium, and the last term molecular reorientation.
is the final equilibrium magnetization in the absenceTaf Moleculel is interesting from the fact that it possesses three
relaxation. Figure 9 shows the magnetization transfer curves polymorphs, each of which produces a distinctly differt
for the difference equation, taken at 50 and°22 As can be and 15N CP/MAS spectrum! These are essentially from

0.0+—4—— r .
0.00 002 004 006 0.08
Mixing time / s

Figure 9. Experimental results for theN SPI experiment, shown as
difference curves, for samplesof | at (diamonds) 323 K and (circles)
295 K.

whereM% and M3 are the z-magnetizations of sites A and B,
respectively, after a mixing time ofy,, (see Figure 1), while
M5 and M3 are the initial z-magnetizations. Additionally, by
assuming perfect inversion of the spin systém, My = M4
andMg = —ME, thenMg becomes a negative quantityRa;
andRg; are the spinlattice relaxation rates (I{) for each site,
andk; andk, are the forward and backward rate constants, with
A = B defined as the forward process.

The 15N spin—lattice relaxation time for the azo nitrogens
was found to be-1000+100 s via the nonselective inversion
recovery sequence of Torch&. This sequence allows for a
relatively rapid repetition rate, determined by the profan

Mairr = Mé - M? =
(Mg — M) exp(—(k; + kt) + (Mg + Mg) (15)
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Figure 10. Eyring plot of the kinetics analysis carried out for sample
Ap of | using both (a) the SPI (denoted by solid circles) and (b) the
band shape analysis techniques (denoted by open circles), Where
the exchange rate for the forward process, i.e., 289 ppm.

TABLE 4: Thermodynamic Activation Parameters
Obtained for the Process Which Interconverts
Conformations 1 and 2, As Derived from the Eyring Plot
Shown in Figure 9

forward (121 ppm— 89 ppm)

backward (89 pprr 121 ppm)

AHY AS/ AGod AH¥ AS/ AGFod
kdmolr! JmolrtK=1 kJmol? kJmolr! JmoltK-1 kJ mol?

63.3 (1) —5.8(2) 65.0(1) 65.6 1) 3.2(@2) 66.6 (1)

molecules that exhibit different conformations in the asymmetric

J. Phys. Chem. A, Vol. 102, No. 20, 1998513

principal-axis systems of shielding tensors in the molecular axis
frames of the azo nitrogen nuclei. Selective polarization-

inversion and band shape-fitting experiments have yielded the
thermodynamic parameters of the exchange process.
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