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Abstract

The photocolouration under UV irradiation and the thermal relaxation after irradiation of 3-phenyl-3H-naphtho[2,1-b]pyrans linked to one,
two, or three thiophene units in 3 position of the pyran moiety have been investigated by NMR. The characterization of each of the four transoid
photomerocyanines, as well as the kinetic parameters of photochemical and thermal reactions were obtained and discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the course of developing novel photochromic molecules,
3H-naphtho[2,1-b]pyrans bearing thienyl groups have been syn-
thesised [1-3]. The purpose of the electron-rich thienyl sub-
stituent was the exploration of the possibility to obtain photo-
activable organic conductors or semiconductors [4—11]. These
compounds have been investigated either by femtosecond and
nanosecond [12] or by conventional absorption spectroscopy
[13,14] and more recently, NMR spectroscopy has been used
to study the structural and photokinetic properties of some
thienyl photochromic derivatives [15,16] including naphthopy-
rans [17-19]. The NMR spectral resolution brings the consid-
erable advantage to characterise each accumulated photoiso-
mer and to provide the opportunity of the accurate monitor-
ing of their time-evolution under irradiation or in the dark.
This is of the highest interest if both a structural investiga-
tion and a comprehensive kinetic analysis of a complex pho-
tochromic system are considered [20-22]. The photoinduced
C-O bond cleavage of the 3-thienyl-naphthopyrans leads to
four transoid photomerocyanines isomers under continuous irra-
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diation (Scheme 1). We report here the structural identifica-
tion and the kinetic analysis of the five-isomer systems that
have been observed during the photochromism of the 3-thienyl-
naphthopyrans NP1 (R =Th), NP2 (R =Th;) and NP3 (R =Thj).
The effect of the number of thienyl units on the kinetic parame-
ters of the photochemical and thermal isomerization processes is
discussed.

2. Experimental
2.1. Materials

The compounds have previously been synthesised [23].

2.2. NMR investigations and experimental conditions

Thermostated samples (concentration between 6.10~> and
1072M in toluene-dg) were irradiated directly in the NMR
tube (Smm), using a 1000 W Xe—Hg HP filtered (Schott
011FG09, 259 nm < A <388 nm) short-arc lamp (Oriel). After
irradiation, the sample was rapidly transferred into the ther-
moregulated probe of a Bruker Avance-DPX NMR spectrometer
(*H, 300 MHz).
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Scheme 1. Photochromic equilibrium and corresponding structures of the various 3-thienyl-naphthopyran isomers.

2.3. Data analysis

The calculated concentration evolution was obtained by
numerical integration of the set of differential equations written
from a five-species system (Scheme 2) using homemade curve
fitting software [24].

Assuming that the rate equations corresponding to Scheme 2
are first-order [25], the following set of coupled differential
equations is derived.

P1

P2

9.6 9.2 8.8 8.4 8.0

d[0]/dt = —(vo1 + vo2 + vo3 + vo4)[0] + vio[1] + v20[2]
+ v30[3] 4+ v40[4];

d[1]/dt = —(vio + vi2 + v14)[1] 4+ vo1[0] + v21[2] + v41[4];
d[2]/dt = —(vp0 + v21 +v23)[2] + vp2[0] + vi2[1] + v32[3];

d[3]/dt = —(v30 + v32 + v34)[3] 4+ v03[0] + v23[2] + va3[4];
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Fig. 1. 'H NMR spectra of NP1 (a) before and (b) after 20 min of UV irradiation at 213 K.
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Scheme 2. Possible one-step isomerization paths between the five isomers
(0 =1nitial closed form; 1-4 = photomerocyanines). Two-step isomerizations (for
instance between CTC and TTT or between TTC and CTT) are not considered.

d[4]/dt = —(v40 + v41 + v43)[4] + v04[0] + v14[1] + v34[3];

with vjj= CDijSilIoF+ kij.

@ is the quantum yield of the photochemical transformation
of compound “X;” into compound “X;”, &; the molar absorption
coefficient of compound X; at the irradiation wavelength, [ the
optical path, Iy the incident photon flux, F the photokinetic fac-
tor and k;; the rate constant of the thermal transformation of
compound “X;” into compound “X;”.

We have found that the fitting procedure was very selective
among the various possible processes taken into consideration.
For instance, the simulated kinetic curves were significantly dis-
tant from their corresponding experimental data if some impor-
tant pathway was omitted or if the presence of a forbidden
process was artificially imposed [26].

3. Results and discussion
3.1. Structural identification of photoproducts

UV irradiation led to the appearance of several signals with
different peak intensities as illustrated in the 'H NMR spectra
of NP1 in Fig. 1. These signals fully disappeared during ther-
mal evolution in the dark, then characterizing the formation of
metastable photomerocyanines.

Two doublet signals are distinguished at 9.52ppm
(*J=12.1Hz) (P1) and at 9.09 ppm (*J=11.8Hz) (P2). The
measured values of coupling constant and the downfield chem-
ical shifts make it possible to attribute these signals to protons
H2 (deshielded by C=0) in transoid—cis type compounds (TTC
and CTC) [27]. Two other signals with 3J=11.2 Hz, with low
intensity at 8.54 and 7.97 ppm (P3 and P4) are also observed.
2D "H-'H cosy NMR experiment (Fig. 2) underlined the Hy—H
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Fig.2. '"HNMR cosy of NP1 after 20 min of UV irradiation at 213 K: (a) general
spectrum and (b) magnification of the inset.

spin—spin coupling for all of the four photomerocyanines: (P1)
9.52 and 7.65ppm; (P2) 9.09 and 8.09 ppm; (P3) 8.54 and
7.04 ppm; and (P4) 7.97 and 7.45 ppm. Careful examination
of peak intensities and coupling constants in 1D spectrum and
scalar correlations in 2D-cosy made it possible to identify pro-
tons of the major-concentrated compound, P1. Hy» at 6.47 ppm
(3J=5.0 and 3.9Hz) is correlated with protons Hy» and Hy
(*J=1.1Hz) at 6.73 and 6.57 ppm, respectively. Two doublet
signals at 6.52 and 6.61 ppm with 3/=9.52Hz, are assigned
to protons Hs and Hg. A system of four coupled protons is
also observed at 6.65 and 7.21 ppm (Hg and Hjg) and 6.78 and
6.87 ppm (H7 and Hg). For the second isomer P2, the doublet of
doublet signal at 6.74 ppm is attributed to proton Hy~ and signals
at 7.41 and 7.00 ppm to protons Hy and Hy, respectively.
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Fig. 3. '"H NMR roesy 1D spectra of NP1 (a) after 20 min of UV irradiation at 213 K; (b) saturation of P1, H, doublet at 9.52 ppm showing the exaltation of Hy»;
(c) saturation of P1, Hy doublet at 7.65 ppm showing the exaltation of Hjo and Hy/; (d) saturation of P2, H, doublet at 9.09 ppm showing the exaltation of Hy ; and
(e) saturation of P2, H; doublet at 8.09 ppm showing the exaltation of Hjo and H,~. The structures P2 =CTC and P1 =TTC show the specific dipolar contacts.

The exact isomery has been proved by recording 1D-
roesy experiments. By saturating the doublet signal of P1 at
9.52 ppm, H; (Fig. 3b), dipolar effect is measured on proton at
6.73 ppm, assigned to Hy» in P1. Another dipolar coupling is
also observed between signal at 7.65 ppm (H;) and protons at
7.21 and 7.01 ppm, then assigned to Hjo and Hy, respectively
(Fig. 3c¢).

The saturation of doublet of P2 at 9.09 ppm (Hy) gives rise
to exaltation of signal at 7.41 ppm (Fig. 3d), and that of signal
at 8.09 ppm (H) to exaltation of resonances at 7.39 (H;o) and

Table 1

6.74 (Hy») ppm (Fig. 3e). Such dipolar contacts are consistent
with P1 =TTC and P2 =CTC isomery.

The exact isomery of the two last isomers, P3 and P4 is
difficult to obtain due to the low peak intensity of their sig-
nals. Nevertheless, the signals at 8.54 and 7.97 ppm have been
attributed to protons Hj in P3 =CTT and P4 = TTT, respectively.
This attribution has been made by comparing chemical shifts
and electronic environment of these two protons with those of
protons Hj in TTC and CTC. Indeed, the proximity of thienyl
group leads to a more deshielding shift. This assumption has

"H NMR chemical shifts (in ppm) of photomerocyanines obtained from 3-thienyl naphthopyrans NP1, NP2 and NP3

Chemical shifts/ppm

TTC1 CTCl TTTI CTTI1 TTC2 cTC2 TTT2 CTT2 TTC3 CTC3 TTT3 CTT3
H, 7.65 8.09 7.97 8.54 7.64 8.12 7.97 8.62 7.67 8.14 7.99 8.65
H, 952 9.09 745 7.04 951 9.00 9.55 9.02 751

Hs 6.52 6.32 6.50 6.30 6.44 6.53 6.33 6.46
Hy 6.61 6.56 6.57

H; 6.87 6.82 6.82

Hg 6.78 6.76

Ho 6.65 6.84

Hjo 721 739 7.49 7.24 7.44 7.78 727 7.50 7.80

Hy 7.01 7.41 7.06 7.47 7.46

Hy 7.00 7.24

Hy 6.73 6.74 7.20 6.54 6.76 6.79

Hy/ 6.47 6.79 6.55 6.76

Hy 6.57

Blanks correspond to non-measurable values due to overlapping; the chemical shifts of H;», Hg» and Hy» in open forms of NP2 and Hy», Hg», H; o7, Hyy# and Hyp»

in open forms of NP3 were not distinguished due to overlapping.
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been fully proved during analysis of data obtained from further 3.2. Kinetic analysis of the thermal relaxation after UV

kinetic analysis (see Section 3.2). irradiation
The set of chemical shifts determined for all of the three inves-
tigated compounds, substituted by one, two and three thienyl After UV irradiation, 'H NMR spectra were recorded at reg-
groups is reported in Table 1. ular time intervals and at different temperatures between 218
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Fig. 4. Thermal relaxation of NP1, NP2 and NP3 at 233 K (starting time ¢ =0 corresponds to the end of the UV irradiation of the thermostated sample). Symbols are
experimental data and continuous line fitting from the model (insets are magnification of the relaxation kinetics of the lower concentration isomers).
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and 253 K. By measuring several specific NMR signals (H» in
NP, Hy in TTC and CTC and H; in CTT and TTT), the time-
evolution of concentrations of the initial closed form and of the
four photoproducts, TTC, CTC, TTT and CTT, can be plotted
during the thermal relaxation in the dark (Fig. 4).

From our kinetic modelling approach using for each com-
pound, the simultaneous fitting of the five kinetic curves, it
was found for compound NP1 and NP3 that only four irre-
versible paths (among the putative sixteen as shown in Scheme 2)
were sufficient to obtain a good fit between the experimental
data points and the calculated kinetic curves (see Scheme 3).
It must be pointed out that the data analysis has also con-
firmed the assignment of CTT and TTT. Indeed, the compound
which decays towards TTC isomer corresponds to the signal
at 7.97 ppm (i.e. to P4A=TTT) and that which decays towards

KTTT-T1C
T ' TTC

NP
\Np
ketT-cTe
(@) CTT > cTC
KrrrTTC -
T B ot TTC
KrreTrr
AP
NP2 Kecre-tTe
NW
KcrT-cTC -
CTT T
- cTC
(b) kete-ctr

Scheme 3. Successive irreversible paths during the thermal relaxation in the
dark recorded after UV irradiation of (a) compounds NP1 and NP3 and (b)
compound NP2. Dotted arrows indicate possible but not fully confirmed paths.

CTC corresponds to signal at 8.54 ppm (i.e. to P3=CTT). Sur-
prisingly, some supplementary reverse processes (CTC — TTC,
and possibly CTC — CTT and TTC — TTT) need to be consid-
ered to reproduce accurately all the relaxation kinetics of the
bithienyl compound, NP2. It appears that such isomerisation
processes must be taking into account during fitting procedure
[26], but the low correlation coefficients in the corresponding
Eyring’s plot indicate that this observation is not completely
ascertained.

By plotting In (k;_, ;/T) versus 1/T at several temperatures
ranging from 218 to 253 K, we obtained straight lines, thus ver-
ifying Eyring’s equation:

ki —AH*  AS* kg
ln( T )- RT + R —G—ln(h)
with kg, Boltzmann’s constant = 1.38 x 10~23 JK~!; i, Planck’s
constant=6.626 x 1073*Js and R=8.314 Jmol ' K~!.

From the slope and the intercept, the values of the enthalpy
of activation AH* and of the entropy of activation AS* were
calculated. Results are gathered in Table 2.

For the three compounds under investigation, among the ring
closure processes, CTC — NP is faster than the corresponding
TTC — NP. The respective activation parameters are given in
Table 2. Among the rate constants of trans/cis isomerisation,the
CTT — CTC is faster than the corresponding TTT — TTC with
the following activation parameters: 41 < AH* <83.4kJmol~!
and —156.2 < AS* <32.1Jmol~! K~!. These values are of the
same order of magnitude than those previously reported for sym-
metrical compounds [19].

Our kinetic analysis shows that the ring closure towards the
initial naphthopyran NP occurs from the TTC or the CTC isomer
and that these isomers derive from their TTT and CTT homo-
logues, respectively, and that there is no direct path from TTT
and CTT isomers to NP. For compound NP2, the substitution in
3-position by a bithienyl group provides the possibility of the
observation of the CTC — TTC process.

3.3. Kinetic analysis of photocolouration under UV
irradiation

The photocolouration under UV irradiation was investigated
at 218K for all of the compounds. At this temperature, it is
assumed that the thermal relaxation can be neglected. Each
sample of NP1, NP2 and NP3 was irradiated during 20 min by
period of 2 min. After each period, '"H NMR spectrum has been
recorded. By measuring peak intensities, the course of the pho-
toisomerizations can be plotted (Fig. 5).

The kinetic curves of the concentration versus time were
modelled using the five-species system (Scheme 2). We found
good fits between experimental and calculated data by consid-
ering seven processes. The same mechanism has been deduced
for the three naphthopyrans NP1, NP2 and NP3 (see Scheme 4).
UV irradiation of the initial closed form leads irreversibly to
transoid—cis type photomerocyanines TTC and CTC. Both are
in photoequilibrium with their respective transoid—trans isomer,
TTT and CTT. An irreversible photoconversion of CTC into
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Table 2
Thermal rate constants (ka in 107 s~!) of the various pseudo-elementary relaxation processes

218 223 228 233 238 243 248 253 AH* AS* r?
TTC1 — NP1 0.39 2.30 4.72 10.9 343 89.5 67.4 —36.2 0.9967
CTC1 — NP1 0.88 5.13 11.4 227 91.2 231 69.5 —20.3 0.9981
TTT1 — TTCl1 0.12 2.51 4.04 37.9 - 72.8 83.4 32.1 0.9013
CTT1 — CTC1 0.72 - 6.53 - - 36.9 49.3 —113.3 0.9871
TTC2 — NP2 0.36 0.92 1.88 4.23 17.7 34.6 66.0 —43.5 0.9997
CTC2 — NP2 1.22 3.54 4.20 6.66 76.9 121 67.8 —26.7 0.9527
TTT2 — TTC2 - 0.76 1.41 3.72 145 26.9 65.1 —49.2 0.9969
CTT2 — CTC2 2.40 - 18.4 - 473 55.3 432 —129.5 0.9079
TTC2 — TTT2 0.42 - - 0.14 1.03 - a
CTC2 — TTC2 1.71 0.99 2.55 2.32 7.24 29.2 40.6 —152.7 0.7917
CTC2— CTT2 - 6.33 3.20 5.90 0.37 - a
TTC3 — NP3 0.28 0.69 1.51 3.22 15.0 67.7 —38.0 0.9996
CTC3 — NP3 1.77 4.19 11.7 19.4 47.7 56.4 —73.0 0.9707
TTT3 — TTC3 0.55 1.09 0.94 1.20 8.28 41.0 —156.2 0.8053
CTT3 — CTC3 0.26 - 4.73 - 34.0 82.5 31.9 0.9619

Activation parameters AH* (kTmol~!) and AS* (Jmol~! K~!) calculated from the corresponding Eyring’s plots; a, non-significant correlation; -, non-significant
values which have been omitted.

TTC is also existing (Scheme 4). The set of the seven apparent [28]. For the same reason, the apparent photochemical rate con-
photochemical rate constants (/) is reported in Table 3. stant (ANp—> cTc) of the naphthopyran ring opening towards

Table 3 shows that the number of thiophene groups affects CTC (NP+hv— CTC) is clearly decreasing. Another clear-
the colouration process as the half time of conversion increases cut effect with the number of thiophene units is the increase
regularly from 210 to 575s going from NP1 to NP3. This of the apparent direct and reverse photoisomerization rate con-
sequence is confirmed if we also consider the diphenyl homo- stants between CTT and CTC (hctT— ctc and hctc - CTT)-
logue NPO (¢inpjo2 =150, [19]). Such behaviour has already These results are confirmed by the examination of the quan-
been observed and interpreted as a consequence of the decrease tum yields ratio, which illustrates the peculiar role of the
of the photochromic reactivity at the expense of the fluores- terthiophene derivative NP3. While the quantum yield ratio
cence quantum yield when the number of thienyl units increases DNp s TTC/PNP - cTC ranges between 0.5 and 0.7 for NP2 and
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Fig. 5. Photocolouration process of three naphthopyrans at 218 K under UV irradiation (symbols are experimental concentrations; solid lines are best fits from our
model).
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Scheme 4. Photoisomerization processes of the 3-thienyl naphthopyrans under
UV irradiation.

NP1, respectively, it reaches 2.1 for NP3. Similarly, the quan-
tum yield ratio @ctc — TTc/PcTC - cTT ranges between 8.7 and
9.1 for NP1 and NP2, respectively, while it levelled at 4.9 for
NP3. Finally, our results also show that the cis/trans isomeriza-
tion photoequilibria TTT <— — TTC and CTT <~ — CTC are

Table 3
Results from kinetic analysis of the photocolouration process at 218 K

NP1 NP2 NP3
1[NP]0/2 210s 300s 575s
1[CTC]max 720s 7208 840s
%[CTC]max 44% 38% 13%
%[NPlend 2% 6% 19%
%[TTClend 46% 48% 40%
%[CTClend 42% 37% 13%
%[TTT]end 9% 6% 6%
%[CTTlend 1% 3% 1%
ANP — TTC 14x1073 0.8 x 1073 0.8 x 1073
ANP > CTC 1.9x 1073 1.5%x 1073 0.4 x 1073
HTTC — TTT 3.5x%x1073 1.7x 1073 29x% 1073
TTT - TTC 181x1073  138x1073  19.1x 1073
HCTT — CTC 1.9x 107 2.1x107* 8.7 x10~*
heTe - CTT 3.5% 1073 78x107°  10.0x 1073
hete — Tre 3.1x107* 7.1%x 1074 49 %1074
®Np - TTC/PNP > CTC 0.7 0.5 2.1
®crc - e/ PCtC - CTT 8.7 9.1 4.9
htre - Trr/hTTT - TTC 0.19 0.12 0.15
hCTC% CTT/hCTT% CTC 018 037 01 1

hij, apparent photochemical rate constant of process i — j=®;ie;lloF; @i/ Pi,
ratio of the quantum yield of the i — j process to the quantum yield of the
i— k process (=h;jhit); hijlh;;, ratio of apparent photochemical rate constants
for photoequilibrium i <— — j; #inpjo/2, time of irradiation for half-conversion;
1[CTC]max» time of irradiation to reach [CTCJax; %[ X]max, ratio of concentrations
at their optimum value; %[X]end, ratio of concentrations at the end of the UV
irradiation period.

both displaced towards the TC side thus strongly limiting the
accumulation of CTT and TTT during the NP UV irradiation.
However, these photoequilibria do not appear to be very sensitive
to the number of thiophene units. The ratio of the photochemical
apparent rate constants range from 0.12 t0 0.19 and 0.11 to 0.37
for the two photoequilibria, respectively. Other processes involv-
ing the formation or isomerisation of the TTC isomer seem less
sensitive to the influence of the number of thiophene units.

4. Conclusion

Three 3-phenyl-3H-naphtho[2,1-b]pyrans linked to one, two,
or three thiophene units in 3 position of the pyran moiety by a
covalent bond have been investigated by NMR spectroscopy
under UV irradiation and during the thermal relaxation in the
dark. In each case, the four transoid isomers of photomerocya-
nines have been characterized. The kinetic analysis of photo-
colouration and thermal relaxation processes made it possible to
propose plausible mechanisms on the basis of time evolution of
the concentrations. UV irradiation of NP produces directly TTC
and CTC photomerocyanines, which are then reversibly pho-
toisomerised to TTT and CTT. An unexpected photochemical
pathway from CTC to TTC was also observed. Photochemical
ring opening NP — CTC has been shown to be clearly sensi-
tive to the number of thienyl units. The NP3 compound behaves
differently, giving lower concentrations of photomerocyanines
especially a significant diminution of the CTC isomer. The effect
of the number of thienyl units is more difficult to see during the
thermal relaxation. However, careful examination of the activa-
tion parameters of the CTC — NP path shows that NP3 exhibits
the lower AH* and AS* values. It is likely that a larger num-
ber of thiophene increases the number of degrees of freedom
making the ring closure energetically favoured but entropically
unfavourable.
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