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Molecular arrangements in crystalline solids of p,p’-disubstituted (1E,3E,5E)-1,6-diphenyl-1,3,5-hexatrienes
(DPHs) have been studied by two-dimensional 'H spin-exchange NMR. The mixing time dependence of the cross peak
intensity has been analyzed, and the time constants representing proton spin exchange rates have been estimated. Data
for methoxy derivative 1 demonstrate the presence of intermolecular spin exchange between triene protons and methoxy
protons; thus one may conclude that a methoxy group is located close to a hexatriene chain of an adjacent molecule. On
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the other hand, there is no evidence of intermolecular spin exchange for formyl derivative 2.

(1E,3E,5E)-1,6-Diphenyl-1,3,5-hexatriene (DPH) and its
derivatives show a unique fluorescence behavior in solution.
In our previous work,' absorption and fluorescence properties
in the solid state have been studied for DPH and p,p’-disubsti-
tuted DPH derivatives (DPHs). The fluorescence properties are
strongly dependent on the substituents. This can be attributed
to strong charge-transfer type intermolecular interactions in-
duced by the substituents. The compound 1 in Scheme 1 shows
a structured and red-shifted fluorescence spectrum, while 2
shows a structureless and red-shifted spectrum.! Since DPHs
have rodlike molecular structures, as shown in Scheme 1,
the emission properties are strongly affected by intermolecular
interactions and molecular arrangements. Since the X-ray dif-
fraction study gave us very limited information on these com-
pounds, we attempted to study the molecular arrangements by
two-dimensional (2D) 'H spin-exchange NMR. We reported
only preliminary results without showing any spectra, and
the results were described only qualitatively because no analy-
sis was carried out at that time.! To our knowledge, this was
the first study that investigated molecular arrangements in or-
ganic solids with unknown structures by means of 2D 'H spin-
exchange NMR.

Spin exchange (or spin diffusion) is one of the important
phenomena in solid-state NMR spectroscopy because it gives
us information including internuclear distances. 2D 'H spin-
exchange (or spin-diffusion) NMR and its related techniques
have been applied to investigate homogeneity in polymer
blends,?"° organic—inorganic hybrid materials,” membrane pro-

2 R = CHO

Scheme 1. Diphenylhexatrienes.

tein topology,® and inorganic silicates.” By use of proton spin
exchange, these techniques can discriminate the following two
cases; homogeneous mixing at molecular levels and formation
of domains of each component. They can estimate a domain
size of 1 to 500 nm.*!° Tt is sometimes difficult to determine
the crystal structures of organic solids when good single crys-
tals are not available. In those cases, the above NMR tech-
niques are expected to be very useful to investigate molecular
arrangements.

In the present work, we present the 2D 'H spin-exchange
NMR spectra of two DPHs shown in Scheme 1 and analyze
them quantitatively. We estimate time constants representing
spin exchange rates, which should correlate with internuclear
distances. We can conclude that the two DPHs show much dif-
ferent molecular arrangements from each other. Thus, the 2D
'H spin-exchange NMR can successfully be applied to study
molecular arrangements in organic solids.

Experimental

Materials. Two DPHs were used in this work. The p,p’-disub-
stituted groups were methoxy (OCHj3) and formyl (CHO) groups
for 1 and 2, respectively, as shown in Scheme 1. They were in
a powder form consisting of microcrystals and were the same
as those used in the previous work.! The preparation method
was described previously.!

NMR Measurements. 'HNMR spectra were obtained with a
Bruker ASX200 spectrometer, operating at a 'H resonance fre-
quency of 200.13 MHz. One-dimensional (1D) '"HNMR spectra
were obtained using the CRAMPS (Combined Rotation And Mul-
tiple-Pulse Spectroscopy) technique, where the BR-24 multipulse
sequence was used in a quadrature detection mode.!! The spinning
rate was set at 1.6 kHz, the /2 pulse width was 1.4 us, the shorter
pulse spacing was 2.6 Us, the repetition time was 8 s, the total
number of the acquired data points was 1024, and the accumula-
tion number was 16. One cycle time of BR-24 was 144 us.

2D 'H spin-exchange NMR spectra were measured with a pulse
sequence similar to that in the literature,> where the quadrature
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mode of BR-24 was used instead of MREV-8. 128 points were ac-
quired in the f1 dimension, using States-TPPL!'>!3 The evolution
period was incremented by 144 us for each step. Other conditions
were the same as those in the 1D CRAMPS measurements.

The 'H chemical shifts were expressed with respect to pure tet-
ramethylsilane (TMS), the higher frequency side being positive.
They were calibrated by the signal position of silicone rubber
(0.12 ppm from TMS)'* mixed with the sample.

Results and Discussion

'H CRAMPS Spectra. Figure 1 shows 'H CRAMPS spec-
tra of 1 and 2. The BR-24 pulse sequence was used in this
work because the resolution obtained by MREV-8 was not
so good as to resolve the signal of aromatic protons from that
of triene protons.

The spectrum of 1 shows peaks at 5.8, 4.4, and 3.1 ppm
from TMS, whose integrated intensity ratios are about 6:1:3.
In addition, the peak at 5.8 ppm has a shoulder at 5.1 ppm.
The peaks are assigned based on solution NMR results and
the integrated intensities.! The peak at 5.8 ppm is ascribed to
aromatic protons, those at 5.1 and 4.4 ppm to triene protons,
and that at 3.1 ppm to methoxy protons.

The spectrum of 2 has peaks at 9.3, 6.7, and 5.8 ppm. The
peak at 9.3 ppm is assigned to formyl protons, that at 6.7
ppm to aromatic protons, and that at 5.8 ppm to triene protons
and one type of aromatic protons.

All the peaks shift towards the lower frequency in solids
when compared with those in solution. Among them, one sig-
nal of the triene protons in 1 has a very large low-frequency
shift to 4.4 ppm, which might be caused by neighboring mole-
cules having aromatic rings.

2D 'H Spin-Exchange NMR Spectra. Figures 2 and 3
show 2D 'H spin-exchange NMR spectra of 1 and 2, respec-
tively. Only diagonal peaks are observed at a mixing time
(Tm) of 20 ps. Cross peaks grow up as the mixing time in-
creases.
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Fig. 1. 'H CRAMPS spectra of (A) 1 and (B) 2.
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In the spectra of 1, all the cross peaks are observed. Note
that the cross peaks of triene (4.4 ppm) and methoxy protons
(3.1 ppm) are observed, although their mutual intramolecular
distance is large. This suggests that the intermolecular distance
between the triene and methoxy groups is relatively short.

The spectra of 2 show strong cross peaks between the 9.3-
and 6.7-ppm peaks, while the cross peaks between the 9.3-
and 5.8-ppm peaks are negligibly small. The change of the
peak shape around 6 ppm demonstrates that the spin diffusion
between the 6.7- and 5.8-ppm peaks takes place. These facts
suggest that the formyl groups are not near the hexatriene pro-
tons of the adjacent molecules.

Analysis of 2D 'H Spin-Exchange NMR Spectra. In this
section, we analyze the mixing time dependence of the inten-
sity of the cross peak in 2D 'H spin-exchange NMR spectra
quantitatively in order to estimate time constants of spin ex-
change. Up to now, simulation models and procedures have
been proposed to simulate the buildup curves of the cross peak
in order to estimate the domain size.*'® The domain size is
correlated with a square root of the product of the spin-diffu-
sion rate and the time necessary to reach equilibrium. There-
fore, reliable values of the spin-diffusion rate are indispensa-
ble.!%!> Similar procedures have been applied to a-glycine
to estimate 'H-'H internuclear distances in one molecule.'®
However, both the spin-diffusion rate and the time necessary
to reach equilibrium are dependent on the internuclear dis-
tances.

In the present case, thus, we have derived formulae by anal-
ogy with those in chemical exchange.!” With increase in the
mixing time, the cross peak grows up, consuming the intensity
of the diagonal peak in the same f1 position. For a two-com-
ponent system those intensities are expressed as follows:

T
Teross = 121-055 {1 - eXP(‘ T_m> } (1)
se

0 Tm
Lgiag = Idiag{ 1+ Cexp(— T_) } ()

se
where Ii;oss and Igiae are the intensities of the cross peak and
the diagonal peak, respectively, the superscript 0 means the in-
tensity at equilibrium, T,, is the mixing time, and 7 is a time
constant of spin exchange. The intensity /o5 starts from 0 and
reaches 10, while Igie starts from Ig,.(1 + C) and reaches

Igiag. The C value depends on the number of protons, and then
it is related with the intensity ratios at equilibrium as follows:

C= I((:)ross/lgiag' (3)

All the protons are assumed to take part in the spin exchange.
This assumption is reasonable because no protons are isolated
spatially in 1 and 2. Exactly speaking, the effect of spin-lattice
relaxation should be taken into consideration in Eqgs. 1 and 2.
However, the mixing times used in the present experiments are
short enough to neglect the effect of the spin-lattice relaxation.
Equations 1-3 are extended to a three-component system, as-
suming that spin exchanges between cross peaks are neglected,
as follows:

T
Loross; = 18“,55{1 - exp(— T“‘,)} (i=12) )
se,l
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Fig. 2. 2D 'H spin-exchange NMR spectra of 1. The mixing times were (A) 20, (B) 50, (C) 100, and (D) 200 us. Six contour plots
are drawn from 5% to 90% of the highest peak by multiplying 1.78 for each step.

) o

Idiag = It(l)iag{l + C] exp<_

Tm Tm
+ C2 X (—
Tse,l ) P T.

se,2

Tm
1 —exp T
se,i

Ci= Igross,i/lgiag (i=12) (6)
where the notations are similar to those in Egs. 1-3.

The ratio Of Icros,; 10 Igiae can be obtained with reasonable
accuracies in practical experiments. The obtained Icrogs,i//diag
ratios are plotted in Figs. 4, 5, and 6 as a function of the mixing
time. The cross peak is specified by a notation Sdiag — Bcross»
where Sdiag is a chemical shift of the cross peak in the f1 di-
mension and 8¢ 1S a chemical shift in the f2 dimension.
The Sdiag value agrees with the chemical shift in the f2 dimen-
sion of the diagonal peak. The growth of the cross peak
Odiag — Ocross 1s caused by polarization transfer from a peak
at dgiag to that at 8¢y in the f2 dimension. In Figs. 4 and 5
the ratios are not plotted for the cross peaks 4.4 — 3.1 ppm
for 1 and 6.7 — 5.8 ppm for 2, because those are masked by
neighboring strong peaks.

The plots in Figs. 4, 5, and 6 are analyzed by the following
equation;

0
Icross,i _ Icross,i
- 0
Idiag Idiag m

14+ C; exp(—

T Tm \
+ Cyex (— )
Tse,l) : P Tse,Z

(=12 (D
The values of I3, /I3, can in principle be estimated from
the number of protons. However, those values are corrected
for the line width practically, because the peak height is used
in this work instead of the integrated intensity. Thus, the
I3 s i/ I values are estimated either from a 1D CRAMPS
spectrum, from the diagonal peak intensities at a very short
mixing time, or from the Icyogs,i/ldiag value at a very long mix-
ing time. The corrected I9, ., ;/Idi,, Values are listed in Table 1.
The C; value in Eq. 7 can also be estimated from the number of
protons, and expresses the fraction of the diagonal peak inten-
sity which moves to the cross peak. The results in Figs. 4 and 5
are fitted by Eq. 7, and the obtained 7. values are summarized
in Table 1. A single T value is assumed for each cross peak
even when a peak is assigned to two kinds of protons, because

of experimental errors. The obtained T value is considered to
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Fig. 3. 2D 'H spin-exchange NMR spectra of 2. The mixing times were (A) 20, (B) 50, (C) 100, and (D) 200 us. Six contour plots
are drawn from 5% to 90% of the highest peak by multiplying 1.78 for each step.
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Fig. 4. The mixing time dependence of the Ieoss.i/ldiag Tatio
for the cross peaks (H) 3.1 — 4.4 ppm, (@) 3.1 — 5.8
ppm, (A) 4.4 — 5.8 ppm, (O) 5.8 — 3.1 ppm, and (A)
5.8 — 4.4 ppm in 1. The lines in the figure show fitted re-

sults with Eq. 7.
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Fig. 5. The mixing time dependence of the I oss,i/Ldiag ratio

for the cross peaks (O) 5.8 — 6.7

ppm, () 5.8 — 9.3

ppm, (A) 6.7 — 9.3 ppm, and (H) 9.3 — 5.8 ppm in 2.
The lines in the figure show fitted results with Eq. 7.
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Fig. 6. The mixing time dependence of the I.oss,i/Ldiag ratio
for the cross peaks 9.3 — 6.7 ppm in 2. The chain line and
the solid line in the figure show fitted results with Eq. 7
(Tse = 80 ps) and Eq. 8 (T = 125 us), respectively.

Table 1. Time Constants for Spin Exchange

Compound S8diag —> Ocross/PPM  Reg® Tse/Us

1 (R = OCHs) 31— 44 0.39 80 £ 30
3.1 - 5.8 1.5 220 + 30
44— 58 3.8 80 & 20
5.8 — 3.1 0.67 240 £ 30
5.8 > 44 0.26 80 £ 20

2 (R = CHO) 58— 6.7 0.70 120 £ 20
5.8 —> 9.3 0.21 500 + 100
6.7 — 9.3 0.30 80 4 309
93 —> 538 4.7 550 £ 100
93 — 6.7 33 125 4259

2) Req = I/ I The ratios of the line widths were as-

sumed to be 1.00:0.85:1.33 for the 3.1-, 4.4-, and 5.8-ppm
peaks in 1 and 0.85:0.91:1.00 for 5.8-, 6.7-, and 9.3-ppm peaks
in 2. b) The T value for 4.4 — 3.1 is assumed to be equal to
that for 3.1 — 4.4. ¢) The T, value for 6.7 — 5.8 is assumed
to be equal to that for 5.8 — 6.7. d) Eq. 8 is used as described
in the text.

reflect the exchange rate for the dominant component.
Equation 7 is also applied to the results in Fig. 6, but no good
agreement is obtained. The reason is discussed later.

The T, value is inversely proportional to the proton spin
exchange rate. The rate of A — B should be equal to that of
B — A and, therefore, the Ty value of the cross peak A —
B should be equal to that of B — A. The obtained 7. values
in Table 1 satisfy this condition. For 1, the T, values for
3.1 — 5.8 ppm and 5.8 — 3.1 ppm are 220 and 240 s, re-
spectively, and those for 4.4 — 5.8 ppm and 5.8 — 4.4 ppm
are both 80 us. Similar agreements are obtained in 2 also.
These facts mean that the above treatment is reasonable.
Therefore, in the process of analysis, the T values for 4.4 —
3.1 ppmin 1 and 6.7 — 5.8 ppm in 2 are assumed to be equal
to those for 3.1 — 4.4 ppm in 1 and 5.8 — 6.7 ppm in 2,
respectively.
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Scheme 2. A model of molecular arrangements in 1.

The disagreement for the cross peak 9.3 — 6.7 ppm in 2
needs to be discussed. Note that the T, value for 9.3 — 5.8
ppm is much longer than that for 9.3 — 6.7 ppm which is pre-
sumed to be about 80 us from the value for 6.7 — 9.3 ppm. In
this case, the two components at 9.3 and 6.7 ppm reach pseu-
do-equilibrium before the polarization transfer to the 5.8-ppm
component starts effectively. Thus, the equations for the two-
component system are suitable in this case. The following
equation derived from Eqgs. 1 and 2 is applied to the growth
of the cross peak 9.3 — 6.7 ppm:

1 ep( Tm)
Cexpf -
—fes ®)

T.

se

0
Icross _ I

Cross
— .

As shown in Fig. 6, Eq. 8 can fit the results well.

Molecular Arrangements. The order of the 7. value for 1
is 5.8 <> 4.4 ppm (80 pus) ~ 4.4 < 3.1 ppm (80 us) < 5.8 <
3.1 ppm (about 230 us). The peak at 5.8 ppm corresponds
mostly to aromatic protons, that at 4.4 ppm to triene protons,
and that at 3.1 ppm to methoxy protons. Then, intergroup dis-
tances are expected to be in the following increasing order: ar-
omatic protons-triene protons A triene protons-methoxy pro-
tons < aromatic protons-methoxy protons. The shortest 'H—
'H internuclear distances in a molecule are roughly 0.24 nm
for both aromatic protons-triene protons and aromatic pro-
tons-methoxy protons. The rotation of the methyl group might
make the T, value longer, similarly to the case of -glycine.'®
It should be noted that the distance between triene protons and
methoxy protons is shorter than that between aromatic protons
and methoxy protons (about 0.24 nm). Conclusively, a me-
thoxy group is located very close to a hexatriene chain of an
adjacent molecule, as illustrated in Scheme 2.

On the other hand, the order of the Ty, value for 2 is 9.3 <
6.7 ppm (about 100 us) ~ 6.7 <> 5.8 ppm (120 us) K
9.3 <> 5.8 ppm (about 500 us). The 9.3-, 6.7-, and 5.8-ppm
peaks are assigned to formyl protons, aromatic protons, and
mostly triene protons, respectively. Then, intergroup distances
are expected to be in the following increasing order: formyl
protons-aromatic protons & aromatic protons-triene proto-
ns < formyl protons-triene protons. This order reflects the in-
ternuclear distances in a molecule, and there are no indications
of intermolecular spin exchange between different kinds of
groups. The synchrotron X-ray powder diffraction results show
that two molecules of 2 form a face-to-face pair and the inter-
molecular distance between hexatrienes is 0.34-0.36 nm.! This
structure is consistent with the above NMR results.

Conclusion

2D 'H spin-exchange NMR has been applied to crystalline
diphenylhexatrienes. We have estimated the time constants
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representing proton spin exchange rates from the analysis of
the mixing time dependence of the cross peak intensity. The
obtained time constants for 1 demonstrate the presence of an
intermolecular spin exchange between triene protons and me-
thoxy protons, and thus reveal that a methoxy group is located
close to a hexatriene chain of an adjacent molecule. On the
other hand, time constants for 2 reflect the internuclear dis-
tances in a molecule, and there are no indications of intermo-
lecular spin exchange between different kinds of groups.
This work demonstrates that 2D 'H spin-exchange NMR is
useful to investigate molecular arrangements in organic com-
pounds, especially when the molecule has a rodlike shape.
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