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Abstract

The photoisomerization of para-methoxy methylcinnamate (p-MMC) has been studied
by low-temperature matrix-isolation FTIR spectroscopy. In particular, the difference
spectrum of mid-IR frequency region (1100-1800 cm™) allows us to distinguish the
structural change before and after ultraviolet (UV) light irradiation at >300 nm and to
convince that the cis-isomer is produced from the trans-isomer by comparing with the
calculated IR spectra. Additionally, a reversible isomerization of p-MMC is
demonstrated upon a sequential irradiation with different wavelengths of UV light.

These findings provide a new insight of the electronic excited state dynamics of
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Photoisomerization of a protein chromophore controls molecular/protein dynamics
that evolves selective biological activity in response to a certain wavelength of light.
One of the most well-known chromophores is retinal found in rhodopsin because the
primary event in vision is triggered by rotating the conjugated double bond at the 11-cis
position to form all-zrans configuration.' *The mapping of the potential energy surface
at around the S;/Sp conical intersection has been searched experimentallys'6 and
1:heoretically7'8 for elucidating its unique reactivity. The fluorescent protein has also
been studied since its discovery of the green fluorescent protein from Aequorea victoria
and its fluorescent protein analogs from Anthozoa and Pectiniidae”"' They hold a
chromophore of 4-(p-hydroxybenzylidene)-5-imidazolinone (p-HBI) that isomerizes
reversibly and switches fluorescence on and off when the cis and trans are excited,
respectively.'” The advanced protein technology improves the range of color region as
well as brightness of fluorescence, both of which are succeeded in vivo imaging of cells
and tissues in biomedical field."*'® Another example is p-coumaric acid embedded in
the Photoactive Yellow Protein (PYP).”'ZO It features a thio-ester linkage to the amino
acid residue that gives rise to a shift of the absorbing wavelength toward the blue
light*' Tt is understood that the light-induced isomerization together with the
protonation in the anionic phenolic oxygen initiates the photocycle and results in
negative phototaxis behavior in halophilia.

The selective bond isomerization has motivated several studies on the dynamics of
not only a protein but also an isolated chromophore. We have been studying the
electronic state dynamics of methylcinnamate derivatives in gas phase, which are

recognized as a PYP model chromophore.zz’23 So far, two initial decay mechanisms are

22-25 26-27

proposed by a combination of lifetime measurement and theoretical calculation
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but no decisive conclusion has been reached yet. In this letter, we report an attempt to
ensure the occurrence of the trans«<>cis photoisomerization of para-methoxy
methylcinnamate (p-MMC) by using low-temperature matrix-isolation FTIR

spectroscopy.

Figure 1(a) shows the recorded IR spectrum of p-MMC deposited on the
low-temperature Ne matrix in the frequency region of 1100-1800 cm’ before UV light
is irradiated. Almost all sharp bands are assigned by the comparison with the calculated
IR spectra of the s-cis/anti, s-cis/syn, s-trans/anti and s-trans/syn conformers of
trans-p-MMC as shown in Figures 1(b), (c), (d) and (e), respectively. The IR frequency
and vibrational mode assignment are summarized in Table 1. In particular, the strong
band A at 1172 ecm™ is characteristics of the s-cis conformer (Figures 1(b) and (c)),
which is assigned to the C-O stretch of the ester group. The s-frans conformer, on the
other hand, has the ester C-O stretch at the weak band B 1257 cm™ as predicted in
Figures 1(d) and (e). Therefore, we deduced that the s-cis conformer is predominated
over the s-trans conformer from the relative band intensities between the observed and
calculated spectra. The Sy state stability among the conformers listed in Table 2 supports
our deduction. The trans/s-trans/(anti or syn) conformers are ~300 cm™ higher in
energy than the trans/s-cis/(anti or syn) conformers. The previous studies on cold rare
gas matrix revealed that interconversion among the conformers doe not occur during the

deposition™°

, so that we can assume their relative population is preserved to that
before the deposition. The Boltzmann distribution at vaporization temperature 302 K

(29 °C) yields 0.22 population ratio of the s-frans conformer to the s-cis conformer,

which is in good agreement with the relative band intensity of the ester C-O stretch
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between 1257 cm™ (s-trans) and 1172 cm™ (s-cis) of the observed spectrum. The energy
difference between anti to syn conformer is very small (57 cm™), and band positions are
almost identical except the band E of anti-conformer at 1585 cm™. The population ratio
of anti to syn was estimated by focusing on the reversed order of the band intensities at
1293 cm™, 1306 cm™, 1318 cm™ and 1331 cm™ as predicted in the calculation (Figures
1 (b) and (c)). These bands exhibit equal intensity in the observation (Figure 1(a)). It

implies that anti and syn conformers coexist almost equally under the present condition.

Figure 2(a) shows the difference IR spectrum of p-MMC obtained by subtracting

the IR spectrum before UV light irradiation from the one after 2-minute UV light
irradiation with Ayy=300 nm. The 0,0 band of the s-cis/syn conformer of trans-p-MMC

is located at 32328 cm™ in gas phase.23 Since the perturbation of the electronic state by
Ne is thought to be small, the electronic transition energy is almost unchanged from the
gas phase value. Thus, p-MMC is predominantly excited to the S;(nn*) state. In the
difference spectrum, the downward and upward bands indicate the reactant and the
photoproduct, respectively. It is obvious that the vibrational frequencies of the
photoproduct are all lower than the reactant ones as highlighted in grey in Figure 2, i.e.
band A at 1170 cm™ (C-O stretch of the ester group), band D at 1517 cm™ (C-H bend of
the ring), band H at 1645 cm™ (C=C stretch of the propenyl group), and band I(I’) at
1740 ecm™ (C=0 stretch of the carbonyl group), where the prime means the product
vibration. To identify the photo-product, we calculated the cis-p-MMC as the most
probable candidate. Figures 2(b)-(e) show the difference IR spectra between the various
cis-isomer products and the trans/s-cis/anti conformer with 1:1 correspondence, where

the calculated structures and IR spectra of cis-isomers are shown in Figure 3 (a)-(d)). Of
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all, the cis/s-cis/(anti and syn) conformers in Figures 2 (b) and (c) reproduce the
experimental spectrum having the upward band A’(1167 cm™), band D’(1503 cm™),
band H’(1630 cm'l), and band I’(1740) cm'l) , which are shifted by 5~10 cm” from the
trans/s-cis/anti conformer. The missing difference at 1172 cm™ in Figure 2(b) is due to a
cancelation of the identical IR frequency between the trans/s-cis/anti and cis/s-cis/anti
conformers (Figure 3(a)). In contrast, the difference of the calculated IR spectra in
Figures 2(d) and (e) showing the single downward band at 1172 cm’ is rather poor. The
difference IR spectra using the trans/s-cis/syn conformer resembles Figures 2 (b)-(e),
providing a concrete evidence that cis-isomer is produced upon UV light irradiation. I¢
is noteworthy that we observed the C=C stretch band of the propenyl group of the
cis-isomer at 1630 cm™ (band H’), which is slightly shifted from the trans-isomer at
1644 cm™ (band H).

In the s-cis conformers shown in Figure 3, the ortho C-H of the aromatic ring is
attracted to the lone pair electrons of the carbonyl oxygen retaining the molecular plane.
In the s-trans conformers, on the other hand, it is interacted with the lone pair electrons
of the C-O oxygen that causes a distortion at the dihedral angle of C=C bond. Such
geometric factor largely influences the Sy state stability as seen in Table 2. In addition,
the energy barrier from s-trans to s-cis in the cis-isomer in the Sy state is estimated to be
~700 ¢cm™, which suggests that the conformational interconversion takes place even if
the cis/s-trans/(anti or syn) conformers are initially produced. Taken together, we
conclude that the cis/s-cis/(anti and syn) products are produced from the
trans/s-cis/(anti and syn) reactant by photoisomerization. Finally, the possibility of a
light-induced single-bond rotation in the trans-isomer is discussed. As mentioned above,

the trans/s-trans conformer exhibits the strong ester C-O stretch band at 1265 cm™.
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There is no such band in the observed spectrum so that we crossed out the s-trans/anti
conformer as a photoproduct.

The backward isomerization of the cis-photoproduct was promoted by irradiating
additional UV light with Ayy 2275 nm for 30 seconds after the UV (Ayy=300 nm) light

irradiation. By doing so, the molecules will be excited not only to the first 'mn* state but

1 1 23,26
also to nm* and second ‘mm* states.””

Figure 4(c) shows the difference spectrum
between the IR spectrum of the sample with Ayy>300 nm irradiation (Figure 4(b)) and
the one with Ayy>300 nm and Ayy>270 nm irradiation. The bands of cis-photoproduct
are depleted and new upward bands appear at slightly higher frequency side. The

upward bands can be assigned to the trans/s-cis/(anti or syn) conformer, that is the

initial reactant. Figure 4(d) shows the difference IR spectrum between the sequential
UV (2300 nm + =275 nm) light irradiation and without the UV light irradiation. The

IR spectrum in Figure 4(d) is almost identical to one in Figure 4(a). Thus, the final
product is again the trans/s-cis/(anti or syn) conformer or the initial reactant. It indicates
no undesirable conformation change e.g. s-cis — s-trans occurs during the reversible
photoisomerization process. These results suggest that all these reactions occur very
rapidly and are controlled dynamically on the potential energy surface. If the
statistically slow reaction takes place, the trans/s-trans conformer will be produced in
the backward photoisomerization reaction because there is no geometrical constraint to
interconvert trans/s-trans and trans/s-cis conformers. The other intriguing issue is that
the forward reaction (trans — cis) occurs in the Sy state but the backward reaction (cis
— trans) preferentially occurs by 275 nm UV light irradiation. The second 'nn* state or

even higher electronic excited state may play an important role in the backward
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reaction.

In conclusion, we investigated the photoisomerization of p-MMC by
low-temperature matrix-isolation FTIR spectroscopy. It was found that trans—-cis
photoisomerization occurs in the S; state as the matrix-cooled sample was irradiated
with the wavelength of light longer than 300 nm. The formation of the cis-photoproduct
was identified by the characteristic lower frequency shifts of the IR bands of the C-O
stretch of the ester group, C-H bend of the aromatic ring, C=C stretch of the propenyl
group, and C=0 stretch of the carbonyl group. Furthermore, cis—trans backward
photoisomerization was observed by the irradiation of UV light longer than 275 nm to
the isomerized product. Thus, it is confirmed that the cis<>trans photoisomerization is a
reversible process. The photoproducts show a preference in the population ratio of
conformers, indicating the reactions are dynamically controlled on the potential energy
surface rather than statistically controlled. Extension of this study is in progress, and we
hopefully provide the general trend of the cis<>trans photoisomerization reaction in

other cinnamate derivatives such as OMpCA and methylcinnamate and so on.

Methodology

The white powdery p-MMC was vaporized at 29 "C and deposited with neon gas
on a Csl plate cooled by a closed-cycle helium refrigerator (Iwatani, Cryo Mini) at 6 K.
Two hours were spent to prepare the matrix sample. Infrared (IR) spectra of the
matrix-isolated sample were recorded in the range of 700-4000 cm” by an FTIR
spectrophotometer (JEOL, SPX200ST) with an accumulation number of 100. The
spectral resolution is 0.5 cm™. A xenon lamp (Asahi Spectra, MAX-301uv) was used as

an ultraviolet (UV) light source and was narrowed by using two types of a
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short-wavelength cutoff filter. One is LU0300 (Asahi Spectra Co. Ltd.) for the Ayy
2300 nm irradiation experiment where the transmission efficiency at 300 nm, 296 nm
and 290 nm is 50 %, 10 % and 0.8 %, respectively. The other is a combination of
LU0275 (Asahi Spectra Co. Ltd.) and LU0250 (Asahi Spectra Co. Ltd.) for Ayy =275

nm irradiation experiment where the transmission efficiency at 275 nm, 272 nm and 268

nm is 50 %, 10 %, and 0.8 %, respectively. These cutoff filters were combined to

generate Ayy =275 nm of light, making it for the experiment.

Quantum chemical calculations were performed in the Gaussian 09 program package.

Four conformers exist in each isoform of p-MMC. The notations syn and anti represents
the orientation of the -OMe group with respect to the substituent in the opposite side of
the ring, and the notations s-cis and s-trans differ the internal rotation of the single bond
between C=C and C=0. All conformations of the trans-isomer were optimized in the C
symmetry while s-cis/(anti or syn) and s-trans/(anti or syn) of the cis-isomer were
optimized in the C; symmetry and C; symmetry, respectively. Several density
functionals such as B3LYP, cam-B3LYP and M06-2X with the 6-311++G(d,p) basis set
and PBEO with the cc-pVDZ basis set were tested to validate their conformational
stabilities and IR spectra. The comparative S, state energy is obtained among the
functionals, giving the same order of the stability (data not shown). The
B3LYP-calculated IR spectra (a scaling factor of 0.9941) best reproduced the
experimental ones. In what follows, calculation result is the B3LYP/6-311++G(d, p)
level of theory. The cis-isomer is ~1700 cm™ higher in energy than the trans-isomer
(Table 2), and the barrier height to interconvert between them is >10000 cm™. Such a

high energy barrier allowed us to postulate a negligibly small population of the
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cis-isomer in the sample matrix without UV light irradiation.
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Figure captions

Figure 1. (a) IR spectrum of p-MMC deposited on the low-temperature Ne matrix
without UV irradiation. The letters A - I indicate the major vibrational bands in the
mid-IR region. (b)-(e) calculated IR spectra of trans-p-MMC conformers and molecular
structures (inlet). A scaling factor of 0.9941 was applied to correlate the 1172 cm’” band
(band A) of the observed spectrum.

Figure 2. (a) Difference IR spectrum of p-MMC between the UV ( > 300 nm) iradaited
one and that before the UV irradiation, on the low-temperature Ne matrix. (b)-(e)
calculated difference IR spectra of p-MMC obtained by subtracting the trans/s-cis/anti
conformer from the cis/s-cis/(anti or syn) conformer. Each spectrum was scaled with a
factor of 0.9941. The grey colored regions highlight the remarkable structural change.
Figure 3. (a)-(d) Calculated IR spectra of cis-p-MMC conformers (left) and molecular
structures with the top and side views (right)

Figure 4. (a) IR spectrum of p-MMC before the UV irradiation. (b) Difference IR
spectrum of p-MMC between the UV ( > 300 nm) iradaited one and that before the UV
irradiation. (c) ifference IR spectrum of p-MMC between the sequential UV ( > 300 nm
+ > 275 nm) iradaited one and that of the UV ( > 300 nm) irradaited. (d) Difference IR

spectrum between (c) and (a).
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Figure 1. (a) IR spectrum of p-MMC deposited on the low-temperature Ne matrix
without UV irradiation. The letters A - I indicate the major vibrational bands in the
mid-IR region. (b)-(e) calculated IR spectra of trans-p-MMC conformers and molecular
structures (inlet). A scaling factor of 0.9941 was applied to correlate the 1172 cm” band
(band A) of the observed spectrum.
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Table 1. Observed IR frequency in cm™ and calculated IR frequencies in cm™ of frans-p-MMC and the assigned vibrational mode (letter in red is the most

1
2 contributed one)
Expt. Cale.
4 P!
5 freq Relative intensity s-cis/anti (relative intensity) s-cis/syn (relative intensity) s-trans/anti (relative intensity) s-trans/syn (relative intensity) Vibrational mode
6
7
8 A 1172 100 1172 (100) 1172 (100) C-O stretch (ester), O-Me wag (ester), C-H bend (prop), C-H bend (ring)
10 1196 17 1190 (2) 1187 (6) 1190 (23) 1186 (40) C-H bend (ring)
11 1204 13 1203 (7) 1203 (7) 1200 (2) 1200 2) 0-Me wag (ester), C-O stretch (ester)
12
1 3 1212 7 1224 (5) 1224 (5) 1220 (16) 1220 (17) C-H bend (prop), C(ring)-C(prop) stretch, C-H bend (ring)
14 B 1257 18 1264 (100) 1265 (100) C-O stretch (ester), O-Me wag (ester), C-H bend (prop), C-H bend (ring), C-O stretch
(ring)

16
17 c 1265 26 1274 (24) 1277 (28) C-O stretch (ring), O-Me wag (ring), C-C stretch (ring), C-H bend (ring)
18
19 1293 13 1308 (14) 1308 (16) C(ring)-C(prop) stretch, C-C stretch (ring), C-H bend (ring), C-H bend (prop)
20 1306 12 1324 (8) 1324 (8) 1320 (1) 1322 (1) C-H bend (ring), C-H bend (prop)
21
22 1318 12 1337 (1) 1335 (8) 1333 (4) 1330 (3) C-H bend (prop), C-H bend (ring)
23 1331 16 1352 (16) C-H bend (prop), C-H stretch (ring), C-C stretch (ring)
24 _ _
25 1340 4 1359 (3) 1355 (1) C-H bend (prop), C-C stretch (ring), C-H bend (ring)
26 1428 6 1445 (5) 1443 (1) 1445 (5) 1442 (1) C-C stretch (ring), C-H bend (ring)
27

1445 13 1460 (3) 1461 (3) 1470 (4) 1461 (5) O-Me wag (ester)
28
29 1472 3 1495 (4) 1495 (5) 1495 (4) 1495 (8) O-Me wag (ring)
31 D 1519 32 1534 (16) 1535 (14) 1534 (14) 1533 (17) C-H bend (ring), C-C stretch (ring), C-O stretch (ring), O-Me wag (ring)
32 E 1585 4 1592 (6) 1592 (6) C-C stretch (ring), C-H bend (ring)
gi F 1610 14 1631 (41) 1632 (37) C-C stretch (ring), C-H bend (ring), C(ring)-C(prop) stretch, C=C stretch (prop)
35 G 1617 16 1633 (36) 1635 (32) C-C stretch (ring), C-H bend (ring), C(ring)-C(prop) stretch, C=C stretch (prop)
36 H 1645 15 1666 (19) 1668 (19) 1663 (5) 1665 (3) C=C stretch (prop), C=0 stretch (ester), C-C stretch (ring)
37
38 1740 25 1743 (66) 1743 (75) C=0 stretch (ester), C=C stretch (prop), C-H bend (prop)
39 T 1742 32 1748 (26) 1748 (26) C=0 stretch (ester), C=C stretch (prop), C-H bend (prop)
40
41

17

42
43
44
45
46 ACS Paragon Plus Environment
47
48
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Table 2. The calculated S, state stability of #rans- and cis-p-MMCs in cm’ including the

zero-point energy correlation. The values in the parentheses are the relative energy

among the cis-isomer.

trans cis
s-cis s-trans s-cis s-trans
anti syn anti syn anti syn anti syn
relative energy 0 57 295 363 1704 1651 2742 2760

-1
/em

(53) (0)  (1091) (1109)
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26 __._J WL A J’ M
27

29 (c) cis/s-cis/syn - trans/s-cis/anti

37 (d) cis/s-trans/anti - trans/s-cis/anti

44

(e) cis/s-trans/syn - trans/s-cis/anti
45 T T T T | T

46 1100 1200 1300 1400 1500 1600 1700 1800

48 IR wavenumber /cm!
49 Figure 2. (a) Difference IR spectrum of p-MMC between the UV ( > 300 nm) iradaited

one and that before the UV irradiation, on the low-temperature Ne matrix. (b)-(e)

52 calculated difference IR spectra of p-MMC obtained by subtracting the trans/s-cis/anti
53 conformer from the cis/s-cis/(anti or syn) conformer. Each spectrum was scaled with a

55 factor of 0.9941. The grey colored regions highlight the remarkable structural change.
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Figure 3. (a)-(d) Calculated IR spectra of cis-p-MMC conformers (left) and molecular structures with the top and side views (right).
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Figure 4. (a) IR spectrum of p-MMC before the UV irradiation. (b) Difference IR
49 spectrum of p-MMC between the UV ( > 300 nm) iradaited one and that before the UV
irradiation. (c) ifference IR spectrum of p-MMC between the sequential UV (> 300 nm
52 + > 275 nm) iradaited one and that of the UV ( > 300 nm) irradaited. (d) Difference IR
53 spectrum between (c) and (a).
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