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p-Formyl-rrans-cinnamic acid (p-FCA) is known to exist in two different crystal phases (denoted p and 
y). When crystals of the /3 phase bf p-FCA are exposed to UV radiation, a solid state dimerization 
reaction occurs to produce 4,4’-diformyl-/3-truxinic acid. In contrast, crystals of the y phase of p-FCA 
are photostable. It is shown in this paper that high resolution solid state “C NMR spectroscopy is a 
sensitive technique for distinguishing the /3 and y phases of p-FCA, and can be used to investigate, in 
detail, the chemical transformation that occurs upon UV irradiation of the p phase. Specifically, the 
i3C NMR spectra presented here were recorded using the TOSS (total suppression of sidebands) pulse 
sequence; this is based upon the standard 13C CPMAS (cross polarization/magic angle sample spinning/ 
high power iH decoupling) method, but has the additional feature that all orders of spinning sidebands 
are eliminated from the spectrum. 

The photoproduct obtained from UV irradiation of P-p-FCA contains a significant noncrystalline 
component (assessed via powder X-ray diffraction), and our NMR studies suggest that this noncrystal- 
line component of the photoproduct contains some amount of the y phase of the monomer p-FCA. A 
mechanism is proposed to explain the fact that UV irradiation of P-p-FCA can generate, in addition to 
the expected photodimer, an impurity amount of the y phase of p-FCA. 6 1~91 Academic press, IIK. 

The topochemical principle (I) has been 
applied widely to rationalize the course 
of chemical transformations within organic 
molecular crystals (2-9). Reactions that 
are under topochemical control follow the 
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pathway involving the minimum amount 
of molecular movement, and hence for a 
topochemical reaction between a pair of 
adjacent molecules within a crystal, the 
stereochemistry of the reaction product 
should be governed primarily by the rela- 
tive positions and orientations of the two 
precursor molecules in the reactant crystal. 
In topochemical dimerization reactions, for 
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example, the molecular structure of the 
dimer should “reflect” the relative posi- 
tioning of pairs of adjacent molecules in 
the monomer crystal. The [2 + 21 photodi- 
merization reactions of truns-cinnamic acid 
and its derivatives (20-22) represent per- 
haps the classic example of a set of reac- 
tions that conform to the topochemical 
principle. (Note: we subsequently use the 
term trans-cinnamic acid in the general 
sense to refer collectively to trans-cin- 
namic acid and its derivatives.) Crystals of 
the trans-cinnamic acids can be assigned 
to one of three types (designated (Y, p, 
and y) according to their behavior upon 
exposure to UV radiation (see Fig. la). 
Thus, UV irradiation of a-type crystals 
leads to the formation of a centrosymmet- 
ric (a-truxillic acid) dimer, whereas UV 
irradiation of P-type crystals generates a 
mirror-symmetric (p-truxinic acid) dimer. 
In contrast, no reaction occurs within crys- 
tals of the y-type when they are exposed 
to UV radiation. Single-crystal X-ray dif- 
fraction studies (13) have demonstrated 
that clear correlations exist between the 
crystal structure and the photoreactivity of 
trans-cinnamic acid crystals, with crystals 
of the (Y-, p-, and y-types each possessing 
a characteristic mode of molecular packing 
(Fig. la). Furthermore, these structure-re- 
activity correlations indicate clearly that 
the photodimerization reactions in trans- 
cinnamic acid crystals are under topochem- 
ical control. 

Two further aspects of these systems are 
noteworthy. First, truns-cinnamic acid and 
many of its derivatives exhibit polymor- 
phism; i.e., a particular truns-cinnamic acid 
can exist in more than one type of a crystal 
structure (a, p, or y). Second, dimerization 
of Pans-cinnamic acids is a solid state phe- 
nomenon; UV irradiation of these com- 
pounds in solution generally results in tram 
* cis isomerization rather than dimeriza- 
tion (10). 

Some solid state reactions are known to 
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FIG. la. Classification of crystals of trans-cinnamic 
derivatives according to their behaviour upon UV irra- 
diation. Note that, as shown, potentially dimerizable 
monomer molecules in a-type crystals are related 
across a crystallographic center of symmetry, whereas 
potentially dimerizable monomer molecules in P-type 
crystals are related crystallographically by translation. 
This results in the production of an o-truxillic acid 
following topochemical dimerization in o-type crystals, 
and the production of a p-truxinic acid following topo- 
chemical dimerization in P-type crystals. 

occur in a single crystal --, single crystal 
manner from pure reactant (e.g., monomer) 
crystal to pure product (e.g., dimer) crystal, 
and it is possible to follow directly the 
course of such reactions by single-crystal 
X-ray diffraction (14-16). Many chemical 
reactions within crystalline solids, however, 
do not conform to this ideal behavior, and 
in these cases the reaction is associated with 
a considerable loss of crystallinity; in ex- 
treme cases, an amorphous product may be 
obtained (27). This fact clearly limits the 
usefulness of diffraction-based methods for 
probing directly the course of such reac- 
tions, and the aim of the work described in 
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FIG. lb. Structural formula of p-formyl-trans-cin- 
namic acid (p-FCA). 

this paper was to assess the feasibility of 
employing high resolution solid state 13C 
NMR spectroscopy as an alternative ap- 
proach to follow chemical transformations 
within organic crystals. It is shown clearly 
that this technique can indeed probe such 
reactions in a direct and nondestructive 
manner, even when the reaction is associ- 
ated with an appreciable loss of crystallinity 
within the system. The question of polymor- 
phism is also relevant for the systems inves- 
tigated here, and it is shown that high resolu- 
tion solid state 13C NMR spectroscopy can 
serve as a sensitive means of distinguishing 
different crystal phases of a given molecular 
species. (It has indeed been demonstrated 
previously (28) that this technique can pro- 
vide detailed information on the structural 
changes accompanying phase transforma- 
tions within organic solids.) 

The solid state photodimerization of p- 
formyl-trans-cinnamic acid (abbreviated p- 
FCA; see Fig. lb) was chosen for our inves- 
tigations. p-FCA is known to exist in two 
different crystal phases: crystallization from 
ethanol gives a photoreactive /3 phase, 
whereas a photostable y phase is obtained 
upon crystallization from acetone (19). 
Henceforth, the abbreviations /3-p-FCA and 
y-p-FCA are used to denote the /3 and y 
phases of p-FCA respectively. Powder X- 
ray diffraction (Figs. 2a and 2b) confirms the 
different identities of these crystal phases. 

13C NMR spectra of the p and y phases 
of p-FCA, recorded using the TOSS pulse 
sequence, are shown in Figs. 3a and 3b, and, 
before discussing the results, we mention 
briefly some salient features of the NMR 

techniques employed. High resolution 13C 
NMR spectra of organic solids are generally 
recorded by combining (20) the cross polar- 
ization (21,22) and magic angle sample spin- 
ning (23, 24) techniques together with high 
power ‘H decoupling. We refer subse- 
quently to this combined technique as the 
13C CPMAS method. The TOSS (total sup- 
pression of sidebands) pulse sequence (2.5, 
26), a variant of the conventional i3C 
CPMAS method, was used to record the 13C 
NMR spectra discussed in this paper. With 
the TOSS technique, isotropic peaks are re- 
tained in the spectrum but all orders of spin- 
ning sidebands are eliminated. This is a par- 
ticular advantage in the study of rrans- 
cinnamic acids and their photoproducts, in 
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FIG. 2. Powder X-ray diffractograms (CuKtx radia- 
tion) recorded for (a) y-p-FCA, (b) P-p-FCA, and (c) 
the /3-photoproduct (obtained following UV irradiation 
of /3-p-FCA). (Note: the aluminum sample holder used 
to record diffractograms (b) and (c) gives rise to peaks 
at 28 = 38.4” and 44.6”). 
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FIG. 3. Solid state ‘rC NMR spectra recorded at 75.47 MHz, using the TOSS pulse sequence, for (a) 
y-p-FCA, (b) P-p-FCA, and (c) the /3-photoproduct (obtained following UV irradiation of P-p-FCA). 
Chemical shifts (6) are given relative to the ‘rC resonance in tetramethylsilane. Spectral assignments 
are based, in part, on results obtained from nonquatemary suppression (NQS) experiments and from 
reference to the solution NMR literature. Peaks marked * in spectrum (c) probably arise from an 
impurity amount of the y phase of the monomer p-FCA. 
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view of the fact that they possess large 13C 
chemical shift anisotropies. The nonquater- 
nary suppression (NQS) technique (27-29) 
(another variant of the conventional i3C 
CPMAS experiment) has served as a valu- 
able aid for spectral assignment in this work 
(although no NQS spectra are actually 
shown here) since, under appropriate cir- 
cumstances, it allows resonances due to 
quaternary carbons to be distinguished from 
those due to nonquaternary carbons. 

Comparison of Figs. 3a and 3b demon- 
strates clearly that the p and y phases of p- 
FCA can be readily distinguished by solid 
state i3C NMR spectroscopy; i.e., the differ- 
ences in molecular packing between these 
crystal phases are sufficiently large to give 
rise to appreciable differences in isotropic 
chemical shift. In particular, the most sig- 
nificant difference (and therefore potentially 
the most diagnostic indicator of the identity 
of the crystal phase) is for the olefinic 
(C=C) carbon adjacent to the benzene ring 
(peaks labelled 3 in Figs. 3a and 3b). The 
pattern of chemical shifts for the benzene 
ring also differs appreciably in the two 
cases. Comparison of Figs. 3a and 3b sug- 
gests that the sample of fi-p-FCA does not 
contain any significant impurity amount of 
y-p-FCA, and also that the sample of y-p- 
FCA does not contain any significant impu- 
rity amount of /3-p-FCA (i.e., neither spec- 
trum contains a low intensity subspectrum 
characteristic of the other phase). The latter 
conclusion, regarding the phase purity of 
our y-p-FCA sample, is consistent with con- 
clusions from powder X-ray diffraction 
(compare Figs. 2a and 2b). There is a possi- 
bility, on the other hand, that the peak at 
213 = 6.3” in the diffractogram of /3-p-FCA 
might indicate the presence of an impurity 
amount of y-p-FCA within our sample of /3- 
p-FCA. This evidence, however, is consid- 
ered to be far from conclusive since: (i) sev- 
eral peaks with significant intensity in the 
diffractogram of y-p-FCA are clearly absent 
from the diffractogram of our P-p-FCA sam- 

ple (the absence of the peaks at 28 = 29. l”, 
32.2”, and 39.0” is particularly noteworthy; 
the absence of the other peaks characteristic 
of y-p-FCA can not be concluded with cer- 
tainty, since their positions coincide with 
peaks due to P-p-FCA); (ii) the crystal struc- 
ture of P-p-FCA is not known,’ and we can 
therefore not rule out, at this stage, the pos- 
sibility that the peak at 28 = 6.3” could in- 
deed be a genuine low-intensity diffraction 
maximum from P-p-FCA. 

It is relevant to note that, under certain 
circumstances, solid state NMR spectros- 
copy may be a better method than powder 
X-ray diffraction for assessing the phase pu- 
rity of a sample. In particular, diffraction- 
based methods can only be used profitably 
for the identification of crystalline impuri- 
ties with particle size greater than a certain 
limiting value. Later in this paper we report 
an example in which solid state NMR spec- 
troscopy has been used successfully to de- 
termine the identity of an impurity phase 
for which there is no direct evidence from 
powder X-ray diffraction. Finally, it is im- 
portant to stress that the relative intensities 
of peaks in the 13C CPMAS NMR spectrum 
(or the corresponding TOSS spectrum) of a 
particular crystal phase will depend on the 
choice of cross-polarization contact time, 
and it is therefore important to compare 
spectra recorded using the same contact 
time when considering the relative peak in- 
tensities and chemical shifts as a “finger- 
print” of the phase in question. 

It is apparent from Figs. 3a and 3b that 
the -CHO group in /3-p-FCA, the -COOH 
group in y-p-FCA, and possibly also the 
-CHO group in y-p-FCA each give rise to 
two isotropic i3C resonances (of unequal in- 

’ Despite extensive attempts, we have not been able 
to prepare fi-p-FCA crystals of sufficient size and qual- 
ity for single crystal X-ray diffraction experiments. 
Note that a reported crystal structure determination of 
P-p-FCA (30) is actually believed (31) to be the struc- 
ture of y-p-FCA. 
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tensities). The underlying reason for this is 
not clear, although crystallographic disor- 
der is one possible explanation (for exam- 
ple, the -CHO group and the -COOH group 
in the p-FCA molecule can each be oriented 
in two different ways while still maintaining 
the planarity of the molecule). In the ab- 
sence of further crystallographic informa- 
tion, however, we make no attempt to put 
forward a definitive explanation for this ob- 
servation. 

Exposure of the y-p-FCA sample to UV 
radiation did not give rise to any change in 
its solid state 13C NMR spectrum nor any 
change in its powder X-ray diffractogram, 
as expected for a photostable y phase. 

UV irradiation of the P-p-FCA sample, on 
the other hand, results in a marked change 
in the powder X-ray diffractogram (compare 
Figs. 2b and 2c), indicating the generation 
of a new crystalline phase. (Note: (i) the UV 
irradiation was carried out with the crystals 
of P-p-FCA dispersed in water; (ii) the poly- 
crystalline sample obtained from this reac- 
tion is subsequently denoted the P-pho- 
toproduct). Moreover, it is clear from the 
powder X-ray diffractogram (Fig. 2c) that 
the /?-photoproduct contains an appreciable 
noncrystalline component. The solid state 
13C NMR spectrum (Fig. 3c), on the other 
hand, is not affected significantly by this 
loss of crystallinity, and shows direct evi- 
dence for the chemical change that has taken 
place. In particular, resonances associated 
with olefinic (C=C) carbons in the mono- 
mer p-FCA (peaks labelled 3 and 6 in Fig. 
3b) are replaced, as a function of reaction 
progress, by resonances characteristic of 
carbons in the cyclobutane ring of the photo- 
dimer (peaks labelled 6 in Fig. 3~). The main 
set of peaks in the NMR spectrum of the p- 
photoproduct (i.e., the peaks not marked by 
an asterisk in Fig. 3c) is consistent with the 
major component of the @photoproduct be- 
ing 4,4’-diformyl-P-truxinic acid (see the 
numbered peak assignments in Fig. 3~). 
(Note: the fact that the photoreactive phase 

is of the P-type and not the a-type has been 
determined by dissolving the photoproduct 
in DMSO-d, and measuring conventional 
solution ‘H and 13C NMR spectra of this 
solution; this has shown clearly that the di- 
mer present in the P-photoproduct is 4,4’- 
diformyl-/3-truxinic acid and not 4,4’-di- 
formyl-a-truxillic acid). 

The solid state i3C NMR spectrum of the 
P-photoproduct contains a low intensity 
subspectrum (peaks marked with an asterisk 
in Fig. 3c) which is assigned as the y phase 
of the monomer p-FCA (compare Figs. 3a 
and 3~). (Note: although some of the aro- 
matic resonances in this low-intensity sub- 
spectrum could equally be attributed to the 
p phase of p-FCA, the absence of a reso- 
nance at - 148 ppm is particularly good evi- 
dence for the absence of any P-p-FCA in the 
/3-photoproduct). Solution ‘H NMR spec- 
troscopy of the P-photoproduct dissolved in 
DMSO-d, confirms the presence of some 
monomer p-FCA in the P-photoproduct and 
indicates a monomer-to-dimer conversion 
of about 91%. (Note: (i) the proportion of 
monomer varied somewhat in the pho- 
toproducts obtained in different experi- 
ments, and many contained a significantly 
higher monomer-to-dimer conversion than 
this; (ii) unless studied as a careful function 
of cross-polarization contact time, solid 
state 13C NMR spectra of the type reported 
here can not strictly be interpreted in a quan- 
titative manner-solution ‘H NMR of the 
dissolved photoproduct is considered here 
to be a more reliable indication of the mono- 
mer-to-dimer conversion in the pho- 
toproduct.) 

It is perhaps surprising that the pho- 
toproduct obtained from UV irradiation of 
our sample of /3-p-FCA should contain an 
impurity amount of the y phase of p-FCA. 
This observation could be explained readily 
if an impurity amount of y-p-FCA were pres- 
ent in the starting material, but the presence 
of such an impurity was ruled out earlier on 
the basis of the solid state 13C NMR results 



for our P-p-FCA sample. Furthermore, the 
powder X-ray diffractogram of the /3-pho- 
toproduct does not provide any strong evi- 
dence to suggest the presence of a crystal- 
line monomer phase (note that the low 
intensity peak at 213 = 5.8”, superimposed 
on the broad background scattering, does 
not occur exactly in the position of the low- 
angle peak in the diffractogram of either the 
/3 phase or the y phase of p-FCA). These 
powder X-ray diffraction and solid state 
NMR results can be reconciled by sug- 
gesting that the y-p-FCA present in the /3- 
photoproduct is of a sufficiently small crys- 
tallite size that it is part of the “noncrystal- 
line” portions of the p-photoproduct (the 
presence of a noncrystalline component 
within the p-photoproduct was inferred ear- 
lier from its powder X-ray diffractogram 
(Fig. 2~)). 

where M and D represent monomer and di- 
mer, respectively, { }M and { }o denote 
the monomer and dimer crystal structures, 
respectively, a/b > x/y > c/d (possibly with 
b = 0 and/or c = 0), z, = x + 2y, x = a + c, 
and y = b + d. In the knowledge that there 
are two different monomer phases of p-FCA 
(denoted { lMca) and { },,+)), this general 
reaction scheme should be modified to 

In the light of these conclusions, it is rele- 
vant to consider how it might be possible for 
some amount of y-p-FCA to be present in 
the /3-photoproduct, when the sample of /3- 
p-FCA used to obtain this photoproduct did 
not itself contain any y-p-FCA. The most 
plausible explanation arises from the ac- 
cepted notion (32, 33) that photodimeriza- 
tion in many p phase truns-cinnamic acids 
occurs according to a dimerization-fol- 
lowed-by-recrystallization mechanism, and 
there is indeed some direct experimental ev- 
idence that this mechanism operates in the 
photodimerization of P-p-FCA (34). In sum- 
mary, this mechanism proceeds as follows. 
Dimerization within the monomer crystal 
will produce a dimer/monomer solid solu- 
tion, and after a certain extent of dimeriza- 
tion (when the concentration of dimer in 
this crystal has reached its solubility limit), 
phase separation will occur to give a mono- 
mer-rich (or pure monomer) phase and a 
dimer-rich (or pure dimer) phase: 

where x = e + g + c, and y = f + h + d. 
The important question here concerns the 
identity of the monomer phase produced fol- 
lowing the recrystallization step. If the /3 
phase is generated, then further dimeriza- 
tion can proceed within this phase, and 
clearly by repeating such dimerization-fol- 
lowed-by-recrystallization steps, the mono- 
mer-to-dimer conversion in the system as a 
whole will progressively increase. If, on the 
other hand, the monomer recrystallizes out 
as the y phase, then this monomer can not 
take part in further reaction; moreover, if 
the y-p-FCA recrystallized in this way has 
a sufficiently small crystallite size, the pres- 
ence of this phase in the P-photoproduct 
might not be apparent from powder X-ray 
diffraction. We do not claim that our results 
provide definitive proof for the occurrence 
of this mechanism (more crystallographic 
data would be required first), but the expla- 
nation proposed above is certainly consis- 
tent with the observations from our experi- 
ments. 

In conclusion, the experiments reported 
here demonstrate that it is possible to distin- 
guish the different crystal phases of p-FCA 
by comparing their high resolution (“iso- 
tropic”) solid state 13C NMR spectra. More- 
over, such spectra can be used to monitor 
directly the conversion of monomer to di- 
mer in the photodimerization of the reactive 
p phase of p-FCA despite the fact that the 

{MaDblM + {M,D,},, product phase contains a substantial non- 
Wzh 

recrystallization , dimerization , (MxD,j, 
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crystalline component (thus limiting the use- 
fulness of diffraction-based methods for fol- 
lowing this reaction). In addition, solid state 
NMR spectroscopy is a nondestructive 
probe of the reaction system (in contrast, for 
example, to solution NMR spectroscopy), 
and, moreover, is capable of revealing some 
amount of crystallographic information, no- 
tably in relation to phase identification and 
to the presence of crystallographic inequiva- 
lences and/or disorder. 
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