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Cinnamic acids are present in all kinds of plant tissues and hence in herbs and derived medicines, cosmet-
ics and foods. The interest in their role in plants and their therapeutic applications has grown exponen-
tially. Because of their molecular structure they can exist in E- and Z-forms, which are both found in
plants. However, since only the E-forms are commercially available, very few in vitro and in vivo studies
of the Z-form have been reported. In this work the physico-chemical properties of Z-cinnamic acids in
solution have been examined by means of UV-absorption spectroscopy and high-level quantum mechani-
cal computations. For each isomer similar absorption spectra were obtained in methanol and acetonitrile.
However, distinct trends were found for Z- and E forms of cinnamic acids in water, where a higher hyp-
sochromic shift of the Z-isomer relative to the E-form was observed. In general the wavelength of maxi-
mal absorption of the Z-form is dramatically blue shifted (—30 to —40 nm) to 2 < 280 nm, while a slightly
blue shift of the absorption maxima for the corresponding E-form (+3 to —4 nm) was observed. This dif-
ference is associated with the non-planar, largely distorted, Z-structure and to the almost complete flat
structure of the E-form. The results provide a basis for the study of functional and biotechnological roles

of cinnamic acids and for the analysis of samples containing mixture of both geometric isomers.

© 2015 Published by Elsevier B.V.

1. Introduction

Cinnamic acids (phenylpropenoic acids; cinnamics) belong to
the family of plant growth regulators together with zeatin, abscisic
acid and jasmonic acid [1]. Because of their molecular structure
they can exist in both E- and Z-forms (Scheme 1), which are both
found in plants [1,2]. Z/E-isomers of coumaric acid, caffeic acid
and ferulic acid have been detected in a number of dicots and
monocots [3,4]. They play important roles in plant growth and in
plant-environment interactions and also function as cell wall com-
ponents, anti-herbivory compounds, UV protectants, pigments and
aroma compounds [5,6]. Furthermore, derivatives of cinnamic
acids have been reported to have antibacterial, antiviral and
antifungal properties [7].

In nature the important intermediate of the phenylpropenoid
pathway, E-cinnamic acid (E-3-phenylpropenoic acid, E-CA), is syn-
thesized from L-phenylalanine by phenylalanine ammonia lyase
and then converted by enzymatic reactions to other metabolites,
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such as E-coumaric acid (E-4-hydroxy-cinnamic acid), E-ferulic
acid (E-3-methoxy-4-hydroxy-cinnamic acid), E-caffeic acid
(E-3,4-dihydroxy-cinnamic acid) and E-sinapinic acid (E-3,5-
dimethoxy-4-hydroxy-cinnamic acid) [1,2,8]. In contrast, the
origin of Z-cinnamics is still under discussion. Their presence in
root tissue suggests that they may be produced through both
light-dependent and light-independent pathways or may be trans-
ported from a plant organ to another [9]. Some authors suggested
that they might be UV light-mediated photoisomerization products
of E-cinnamics [10] because their concentration is enhanced by UV
irradiation. Given the fact that Z-isoforms of coumaric and ferulic
acids were detected in plants after UV or sunlight irradiation [8],
Z-cinnamics in plants grown in open fields are believed to
reachpM levels in plant tissues. As a matter of fact, the exact per-
centage of Z-cinnamics present as free acids and conjugates in
plant cell is still unknown [11].

The biological properties of Z-cinnamics are distinctly different
from those of E-cinnamics. Thus, E-cinnamic acid is used as a pre-
cursor for the biosynthesis of numerous phenolic compounds such
as flavonoids, phytoalexin, salicylic acid and lignin [10]. It has also
been related to stiffening of the cell wall and reduction in root
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Scheme 1. Chemical structure and numbering of E- and Z-cinnamic acids.

growth [12]. In contrast, Z-cinnamic acid has been shown to have
cell elongation-promoting activities and to inhibit gravitropic
response, in addition to its role in seed germination and in delaying
the ethylene surge [10]. Guo et al. [11] have also provided some
insights into the molecular mechanisms by which Z-cinnamics
regulate plant growth and development as well as plant adaptation
to environmental stresses.

Taking advantage of the highly efficient one-pot preparation of
Z-cinnamic acids by E-Z photoisomerization developed in our
group [13,14], we decided to study their UV absorption properties
in different solvents (methanol, acetonitrile and in aqueous solu-
tion) and compare their spectral properties with those of the
corresponding E-isomer. Further, we also examined the influence
of pH on the spectral properties in aqueous solution. Finally,
high-level quantum mechanical computations were used as a tool
to rationalize the experimental results. Overall, the study provides
a detailed description of the spectral properties of Z-cinnamic
acids, which should be valuable to assist the functional and
biotechnological roles of these compounds.

2. Experimental
2.1. Material and reagents

E-cinnamic acid (E-CA), E-4-hydroxycinnamic acid (E-coumaric
acid, E-CUA), E-3-methoxy-4-hydroxycinnamic acid (E-ferulic acid,
E-FA), E-3,5-dimethoxy-4-hydroxycinnamic acid (E-sinapinic
acid, E-SA), E-3,4-dioxymethylencinnamic acid (E-DMCA),
E-3,4-dihydroxycinnamic acid (caffeic acid, E-CAFA), E-3-hy-
droxy-4-methoxycinnamic acid (isomer ferulic acid, E-IFA),
E-3-chloro-4-methoxycinnamic acid (E-3C4MCA), E-2-hydroxycin-
namic acid (E-2HCA), E-3-hydroxycinnamic acid (E-3HCA),
E-4-nitrocinnamic acid (E-4NOCA), E-4-aminocinnamic acid
hydrochloride (E-4ACA), 3-(E-3,4-dihydroxycinnamoyl)quinic acid
(chlorogenic acid, 3-caffeoylquinic acid, E-3-CAFQA), aliphatic
organic amines (ethanolamine, butylamine, pyperidine) and cys-
teamine hydrochloride were purchased from Aldrich Chemical
Co. All the solvents (Sigma-Aldrich HPLC grade) were used as
purchased without further purification. Water of very low conduc-
tivity (Milli-Q grade) was used. Z-cinnamic acid (Z-cinnamic acid,
Z-CA), Z-4-hydroxycinnamic acid (Z-coumaric acid, Z-CUA), Z-3-
methoxy-4-hydroxycinnamic acid (Z-ferulic acid, Z-FA), Z-3,5-
dimethoxy-4-hydroxycinnamic acid (Z-sinapinic acid, Z-SA,) were
synthesized by photoisomerization of the corresponding E-cin-
namic acid in acetonitrile solution as was described elsewhere
[13]. Briefly, the ionic liquid ammonium E-cinnamate prepared
with an E-cinnamic acid and an aliphatic organic amine (i.e., buty-
lamine or ethanolamine) was irradiated in acetonitrile solution.
From the precipitated solid ionic liquid Z-cinnamic acid (IL
Z-CH.Am) the corresponding free Z-cinnamic acid was obtained
as follows: the IL Z-CH.Am, was dissolved in water and (i) passed
through an ion-exchange column chromatography (Sigma-
Aldrich Dowex 50WX8-200 ion-exchange resin) and water
removed by evaporation under vacuum (freeze-drying) or (ii) just
after adjusting the pH of the water solution with HCl, extracting
twice with CH,Cl, and then removing the solvent by evaporation
under vacuum. Then, they were fully characterized (m.p., 'H and

13C NMR, UV-vis absorption spectroscopy) by comparison with
the authentic sample previously described [13].

2.2. UV-visible absorption spectroscopy

UV-visible absorption spectra of the cinnamic acids methanolic
solutions were recorded on a Shimadzu UV-1203 spectrophotome-
ter. Measurements were made in quartz cells of 1 cm optical-path
length (Hellma, Germany).

2.3. Effect of adding water to methanolic solution

Mixtures of methanol-water were prepared in the range
2.95:0.05-0.20:2.80 MeOH:H,0 v/v. E- and Z-cinnamic acids con-
centration range was 2.5-4.3 - 107> M.

2.4. Effect of adding organic aliphatic base to methanolic solution

A stock solution of the amine at 6.5 - 1074 M in methanol was
prepared. Mixtures of methanol-methanol amine solution
(MeOH-A.MeOH) were prepared in the range 2.99:0.01-0.20:2.80
MeOH:A.MeOH v/v. E- and Z-cinnamic acids concentration range
was 2.5-4.3- 107> M.

2.5. Effect of adding organic aliphatic base to acetonitrile solution

A stock solution of the amine at 6.5 - 10~ M in acetonitrile was
prepared. Mixtures of acetonitrile-acetonitrile amine solution
(MeCN-A.MeCN.) were prepared in the range 2.99:0.01-0.20:2.80
MeCN:A.MeCN v/v. E- and Z-cinnamic acids concentration range
was 2.5-43-107° M.

3. Computational details

All ground state structures of neutral and anionic species were
optimized at the MP2 level of theory together with the 6-
311++G(d,p) basis set. Optimizations were carried out using the
Berny analytical gradient optimization method [15,16].
Stationary points were characterized by analysis of vibrational fre-
quencies, which were all positives. Vertical energies of the excited
states were calculated using the TDDFT method for the optimized
structures of the ground state using the PBEO [17] functional
together with the basis sets 6-311++G(2d,2p) and aug-cc-dVDZ
[18], and the B3LYP/6-31G(d) level of theory.

In the geometry optimizations up to four explicit water mole-
cules were considered in order to account for structural effects
due to hydration of the Z- and E-sinapinic acid. Solvent effects in
TD-PBE calculations were considered using a self-consistent reac-
tion field (SCRF) [19] based on the integral equation formalism of
the polarizable continuum model (PCM) [20,21]. All calculations
were carried out with the Gaussian03 suite of programs [22].

4. Results

The effect of solvation in acetonitrile, methanol and water on the
UV absorption spectra of Z- and E-3,5-dimethoxy-4-hydroxycin-
namic acid (sinapinic acid, SA; Z-SA and E-SA) is shown in Fig. 1.
The E-form of SA shows single absorption bands between 321 and
313 nm in acetonitrile (321 nm), methanol (317 nm) and water
(313 nm). Thus, on moving from acetonitrile to methanol to water
a minor hypsochromic shift was observed. Unexpectedly, a notori-
ous hypsochromic shift was found for the absorption spectra of Z-
SA in these solvents, as the single band at maximum wavelength
was in the range 319-280 nm (319 nm in acetonitrile and 280 nm
in water). The combination of all the spectra described above in a
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Fig. 1. Effect of solvent on the UV absorption spectra of Z- and E-SA. (a) Z-SA
(4.4-10°5M): — MeCN, — MeOH, —— H,0, —— MeOH + ethanolamine; (b) E-SA
(2.8-10°°M): — MeCN, — MeOH, —— H,0, —— MeOH + ethanolamine.
MeOH + ethanolamine (ethanolamine 6.2 - 1074 M in MeOH).

single comparative figure is included in Supplementary material
(Fig. S1).

Similar differential solvent-induced shifts in the absorption
maxima were observed in the UV spectra of Z- and E-4-hydrox-
ycinnamic acid (coumaric acid, CUA, Z- and E-CUA), Z- and E-4-hy-
droxy-3-methoxycinnamic acid (ferulic acid, FA, Z- and E-FA) and

Z- and E-3,4-dioxymethylencinnamic acid (DMCA, Z- and E-
DMCA) (Table 1; see also Figs. S2-S4 in Supplementary Material).
This finding suggests that the intramolecular interaction between
the methoxy and hydroxy groups present in the cinnamic acid
derivatives has only a moderate influence on the propenoic frag-
ment, in agreement with previous experimental and theoretical
studies conducted on E-cinnamics [23,24]. Nevertheless, a small
effect was found in the case of cinnamic acid (CA), since for Z-CA
the band shift was much lower relative to the other compounds
(from 261 nm in MeCN to 254 nm in H,0; see Table 1 and
Fig. S5). The absence of a polar substituent in the cinnamic moiety
would be the cause of the minor effect observed for this compound.

4.1. Effect of added organic bases and water

The important hypsochromic shifts observed in water solution
encouraged us to study the effect of adding an organic aliphatic
base such as ethanolamine to the methanol solution. This idea
was based on our previous experience with ionic liquids (ILs) pre-
pared with cinnamic acids and ethanolamine (Am), among other
aliphatic amines [13]. As described elsewhere [13], the UV absorp-
tion spectrum of the IL E-SA.Am (1:1; mol/mol) in MeOH showed a
single band located at 307 nm, and that of the IL Z-SA.Am (1:1;
mol/mol) a single band at 280 nm (Table 1). When the acid to
amine ratio was increased (i.e., acid/amine mol/mol: 1:2. 1:3,
1:5, 1:10 and so on), the spectra of the E-SA + Am mixtures in
MeOH were quite similar among them and similar to that of the
E-SA+Am 1:1 in the same solvent. However, a larger hyp-
sochromic shift was found in the spectra of the Z-SA + Am series,
which resembled the profile found for the Z-SA + Am mixture with
1:1 M ratio. As an example, Fig. 1(a) and (b) shows the spectra
obtained for Z- and E-SA, respectively, in the presence of ethanola-
mine 6.4 - 1074 M in methanol, for a SA: ethanolamine ratio of 1:10
(mol:mol). It can be seen that the band shifted from 317 nm
(MeOH) to 307 nm for E-SA, and from 312 nm (MeOH) to 280 nm
for Z-SA, the latter matching the value observed for the Z-isomer
in water solution (Table 1; see also Fig. S1 for the combined repre-
sentation of the E-SA and Z-SA spectra).

Fig. 2(a) and (b) shows the effect triggered by the addition of
different organic bases (ethanolamine; butylamine; pyperidine)
to the methanolic solution of Z-FA (4.3 - 107> M; solution volume,
3 mL). The results obtained by adding increasing volumes (mL) of
a MeOH solution (6.5 - 10~* M) of the amines showed that addition
of up to 0.5 mL leads to a significant reduction in the absorbance at

Table 1
UV absorption spectra of E- and Z-cinnamic acids and their cinnamates in methanol, water and acetonitrile solution.
Acid Solvent Amax (M)
E-acid Z-acid E-acid + Am* Z-acid + Am*
CA MeCN 268 261 273 -
MeOH 268 (4.12) 257.5 266 258
H,0 271 (4.20) 254 269 258
CUA MeCN 298 298.5 300 -
MeOH 289 (4.16) 297 286 268
H,0 286.5 (4.05) 267 285 265
FA MeCN 319, 295sh 317, 296sh 319 -
MeOH 316 (4.02), 289sh 316.5 313 268, 297sh
H,0 312 (4.01), 289sh 268, 298sh 310 267, 298sh
SA MeCN 321 (4.09) 319 322 -
MeOH 317 (4.01) 312 307 280
H,0 313 280 302 278
DMCA MeCN 324 320 319, 293sh -
MeOH 319.5 (3.98) 312, 273sh 318 304
H,0 320 (3.90) 270, 305sh 316 305

2 Acid + Am, cinnamate prepared with ethanolamine (Am); molar ratio cinnamic acid: ethanolamine 1:1 (mol/mol).
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316 nm and an increase in the absorbance at 269 nm. Further, the
obtained absorbance values are mostly unaltered by extra addition
of the amine solution.

The effect of adding successively increasing amounts of water to
the methanolic solution of cinnamic acids was also explored. As an
example, the effect of adding increasing amounts of water to the
MeOH solution of Z- and E-FA is shown in Fig. 3(a) and (b), respec-
tively. The change in the structure of the Z-FA chromophore is
clearly observed in Fig. 3(a), in a similar way to what occurred
by addition of the organic bases. Thus, in methanol the neutral spe-
cies, with a single absorption band at aprox. 317 nm is still the pre-
dominant form till addition of 1 mL of water (methanol:water 2:1
v/v). From this point a shoulder around 270 nm was detected and
becomes the predominant band with a maximum at 269 nm and a
shoulder at 298 when 2.80 mL of water was added (methanol:wa-
ter 0.20:2.80 v/v); thus, the mono anionic form (carboxylate anion)
would be present in the solution. Similar experiments conducted
with the methanolic solution of E-FA indicated that the degree of
conjugation in the cinnamic acid moiety is almost unaltered by
the presence of water in the environment (Fig. 3(b)), as only a
minor blue shift in the predominant band (316-313 nm) was
observed (Table 1).

The preceding experiments reveal a qualitatively similar pat-
tern in the absorbance changes triggered upon addition of water
and organic bases to the methanolic solutions, although the rate
of the absorbance shift recorded at 316 and 269 nm and the final
absorbance values are slightly different for water and the aliphatic
amines. Furthermore, these values and the corresponding final
spectra matched the spectrum obtained in water solution.
Overall, the results point out that in these experiments a new cin-
namic acid-like absorbing species (i.e., the mono anionic carboxy-
late form) is produced and stabilized by solvation with water
molecules and by the amine in methanolic solutions. Hence, it is
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Fig. 2. Effect of adding water and organic bases to methanolic and acetonitrile
solutions of Z-FA. Z-FA in methanol (4.3 -10"°M): @ H,0, a ethanolamine, ¥
butylamine; + pyperidine; x cysteine hydrochloride. Z-FA in acetonitrile
(43-10°M): m H,0. Monitoring wavelength, (a) 316 nm and (b) 269 nm.
Organic bases are added as methanolic solution (6.5 - 10~4 M) to Z-FA in MeOH.

not surprising that when the amine was added as hydrochloride
(i.e., cysteine hydrochloride) the spectra was practically not
affected, within the experimental error. In these conditions the
anion carboxylate is not formed because the basic character of
the nitrogen is lost (Fig. 2(a) and (b)).

The addition of water to acetonitrile solutions showed again a
small effect on the absorption spectra of E-FA and a large hyp-
sochromic shift for Z-FA, as illustrated in Fig. 2(a) and (b), which
reveal a large resemblance with the absorbance shifts obtained
upon addition of water to methanolic solutions. The effect of
adding organic bases on the absorbance spectra in acetonitrile
solutions is however less pronounced compared to the MeOH
solutions, as can be noted in Figs. S6 and S7 in Supplementary
Material. Thus, compared to the methanolic solutions, addition
of the organic base to CH3CN solutions leads to a minor increase
of the band absorption at 269 nm and a minor decrease at
316 nm. As described elsewhere [13], this difference can be
attributed to the very low solubility of the IL of Z-cinnamic acids
(cinnamate anions, carboxylate anions in general) in acetonitrile,
because of the aprotic character of the solvent. Thus, only very
minor amount of carboxylate-like species would be present in
the media. Similarly, the addition of increasing amounts of water
to solutions of E-FA in methanol and acetonitrile led to a very
minor decrease of the band at 316 nm (AAbs<0.06 u.a.) and
increase at 269 nm (AAbs <0.08 u.a.) (see Figs. S6 and S7 in
Supplementary Material).

As a final remark, comparison of the dependence of absorbance
band intensity in the methanolic solution of cinnamic acids on the
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Fig. 3. Effect of adding water to the methanolic solution on the UV absorption

spectra of (a) Z-FA and (b) E-FA (4.3 and 2.5 - 10~> M in methanol, respectively); mL
of H,0 added are indicated in the inset; solution volume, 3 mL.
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Fig. 4. Dependence of the absorbance of the band at 316 nm on the moles of water added to the methanolic solution of (a) Z-FA (1.03 - 10~7 M), y = 0.4452-0.0047x and (b) Z-
SA (1.07 - 1077 M), y = 0.3229-0.0032x. Volume of all the solutions = 3 mL; MeOH volume in each solution (from 0 to 50.91 mols of water): 3.0, 2.9, 2.8, 2.7, 2.6, 2.5, 2.3, 2.0,

1.5, 1.0, 0.6 and 0.2 mL.

amount of added water is shown in Fig. 4(a) and (b) for Z-FA and
Z-SA, respectively. The results reveal a similar dependence for
the two compounds, suggesting the involvement of similar
chromophoric species (neutral carboxylic form and anionic
carboxylate form).

4.2. Effect of pH in water solution
The effect of pH on the absorption spectra of E- and Z-SA water

solutions was determined by adding sodium hydroxide or
hydrochloric acid. Thus, on diminishing the pH of the water

(a)
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0.0 T T T 1
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solution for E-SA, the original single band at 313 nm was
bathochromically shifted to 317 nm, matching with the band
observed in methanol (Fig. 5(c)), which would correspond to the
protonated species. In water solution, a base such as sodium
hydroxide was required to generate a new absorption band, red
shifted to 370 nm, attributable to the extended conjugation
between the carboxylic unit and the phenoxy group at C4 in the
dianionic form of E-SA (Fig. 5(d)), as expected from the reported
ionization constants for E-sinapinic acid (pK,; ~4.3; pKiy ~ 9.2
[25]). For Z-SA (Fig. 5(a)) on diminishing the pH of the water solu-
tion, the original single band at 280 nm was bathochromically
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Fig. 5. UV absorption spectra of (a and b) Z-SA (1.1 - 10~* M) in methanol (—), water (---) and the effect of adding (a) HCI (1 M) in the water solution, 1 pL(---)and 10 pL (----
); (b) NaOH (1 M) to the water solution, 1 pL (---)and 10 pL(----); (c and d) E-SA (6.5 - 10~> M) in methanol (—), water (---) and the effect of adding (d) HCl (1 M) to the water
solution, 1 pL (---) and 10 pL (----); (d) NaOH (1 M) to the water solution, 1 pL (---) and 10 pL (----).
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Table 2

Side chain dihedral angles of the neutral, mono (carboxylate) and di (carboxylate and
phenolate) anionic Z- and E-SA geometries optimized in vacuum and in presence of
water molecules at the MP2/6-311++G(d,p) level. Absorption wavelength (imax; nm)
computed for the excited states from TD-PBEO calculations.

System Dihedral angles Jmax & Jmax ©
C2=C1—Cp=Co* O=C—Co=CP

Z-SA 45 20° 343/343/344 312
Z-SA + H,0 45 65" 292/292/292

Z-SA + 2H,0 44 41° 324/324/325

Z-SA + 3H,0 37 56° 308/307/307

Z-SA~ 35 77" 284/284/299 280
Z-SA™ +H,0 20 111° 285/285/297

Z-SA™ +2H,0 32 59° 287/288/308

Z-SA™ + 3H,0 41 97° 275/276/288

Z-SA? 8 -31° 357/357/347 350
Z-SA*" +H,0 1 -31° 354/ 354/345
Z-SA’>~ +2H,0 -4 —58° 346/347/334

Z-SA*>” +3H,0 -1 -51° 350/351/339

E-SA 0 180¢ 339/340/339 317
E-SA + H,0 18 176¢ 338/338/337

E-SA + 2H,0 18 179¢ 336/336/336

E-SA + 3H,0 13 176¢ 337/337/336

E-SA™ 25 -170¢ 298/299/286 313
E-SA~ +H,0 25 -168¢ 300/301/287

E-SA~ +2H,0 22 —-167¢ 296/297/289

E-SA™ + 3H,0 23 —179¢ 301/301/290

E-SAZ~ -12 —-175¢ 364/365/348 370
E-SA>" +H,0  -10 -176¢ 368/368/350

E-SA%~ + 2H,0 —4 178° 370/371/352

E-SA>" +3H,0 -3 176¢ 371/372/353

E-SA?” +4H,0 -2 175¢ 370/371/352

¢ Considering the S-cis configuration of the double bonds involved.

b Considering the S-cis configuration of the double bonds involved obtained from
the geometrical optimization of the neutral Z-SA.

¢ Considering the S-trans configuration of the double bonds involved obtained
from the geometrical optimization of the neutral E-SA.

94 Values determined at the TD-PBEO level with (left) 6-311++(2d2p) and (center)
aug-cc-pVDZ basis, and (right) the B3LYP/6-31G(d) level and basis set.

¢ Experimental values.

shifted to 312 nm, matching with the band observed in methanol.
However, on increasing the pH, in contrast with E-SA, the band of
Z-SA was red shifted to 312 nm (Fig. 5(b)), which is similar to the
typical band observed in methanol solution (imax 312 nm). Extra
amount of aqueous sodium hydroxide solution added did not mod-
ify the spectrum. The above mentioned extended conjugation
between the carboxylic unit and the phenoxy group at C4 in the
dianionic form of Z-SA would not take place because of its large
deviation from planarity.

4.3. Theoretical calculations of electronic transitions

Quantum chemical calculations have become a standard
approach valuable for the assignment of the experimental spectra
and to get insights into the underlying optical and electronic prop-
erties. In particular, time-dependent DFT (TDDFT) [26] calculations
have proved to be well suited for predicting the spectral properties
of cinnamic acid derivatives [27,28]. In this work, the absorption
properties of the Z- and E-SA have been investigated by means of
TDDFT computations and solvent effects have been accounted for
by using the IEF-PCM solvation continuum model. Table 2 reports
selected conformational parameters of Z- and E-SA taken from the
molecular geometries optimized at the MP2/6-311++G(d,p) level
and the predicted wavelengths for electronic transitions deter-
mined from TDDFT-PBEO calculations using two different basis
sets (6-311++(2d2p) and aug-cc-pVDZ), in comparison with the
results obtained with a less accurate method, B3LYP/6-31G(d) level
of theory.

The optimized geometry of E-SA shows that the side chain that
bears the carboxylic unit deviates slightly from planarity, adopting
a conformation that should favor the delocalization of the electron
density in the anionic species (Fig. 6(a)). Thus, for the trihydrated
complexes the largest deviation of the dihedral angle
C2=C1—Cp=Co from planarity amounts to 23°, whereas the devia-
tion of the carboxylic group is typically less than 5°. The inclusion
of hydrating water molecules has little impact on the wavelength
of absorption maxima. The results point out that protonation of
the E-SA anionic species shifts the wavelength from 301 nm to
337 nm, whereas formation of the dianionic species shifts the
absorption band to 371 nm (Table 2). Overall, these changes agree
with the trends found in the experimental spectra shown in
Fig. 5(c) and (d), which indicate the shifts from 313 nm (monoan-
ionic) to 317 nm (neutral) and to 370 nm (dianion).

In contrast to E-SA, the side chain of Z-SA exhibits large devia-
tions from planarity (Fig. 6(b)). Thus, the dihedral angle
C2=C1—Cp=Cu is close to 40° for both neutral and monoanionic
(carboxylate) species, but such a deviation is largely diminished
in the dianionic form. Likewise, significant deviations are also
found for the carboxylic group, which are affected by the number
of hydrating water molecules. For the trihydrated compounds,
the wavelengths of the absorption maxima are predicted to change
from 275 nm (monoanion, carboxylate) to 308 nm (neutral) and to
350 nm (dianion, carboxylate and phenolate), which reflect well
the trends obtained for the pH-induced shifts (from 280 nm to
312 and 350 nm, respectively; see Fig. 5(a) and (b) and Table 2).

For both neutral Z- and E-SA, the most probable electronic tran-
sition is from the Sy to the S; states, which presents oscillator
strength of 0.25 and 0.64 for the Z- and E-SA, respectively. This
transition corresponds to the transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). In the case of the mono anionic (carboxylate) spe-
cies, Z- and E-SA™, the most probable transition has also a minor
contribution of the transition to the LUMO from HOMO-2 and
HOMO-3 orbitals, respectively, in addition to the HOMO-LUMO
transition. This excitation energy corresponds to the transition
between the Sy state, to the S; (oscillator strength 0.35) and S,
(oscillator strength 0.54) excited states, for the mono anions Z-
and E-SA™, respectively.

4.4. Extension to other cinnamic acids

Other commercially available E-cinnamic acids were also
checked, including E-3-hydroxy-4-methoxycinnamic acid (isomer
ferulic acid, E-iFA), E-3,4-dihydroxycinnamic acid (E-caffeic acid,
E-CAFA), E-4-nitrocinnamic acid (E-4NO2CA), E-4-aminocinnamic
acid (E-4NH2CA), E-2-hydroxycinnamic acid (E-20HCA), E-3-hy-
droxycinnamic acid (E-30HCA), E-3-chloro-4-methoxycinnamic
acid (E-3C140MeCA) and 3-(E-3,4-dihydroxycinnamoyl)quinic acid
(chlorogenic acid, 3-caffeoylquinic acid, E-CGA). All of them
showed that the effect of acetonitrile, methanol and water on the
UV absorption spectra is very minor (Figs. S8-S15 in
Supplementary Material), which reflects the trends observed for
E-FA and E-SA (data for E-CA, E-CUA and E-DMCA are also included
in Supplementary Material, Figs. S2, S4 and S5).

Among these E-cinnamics, UV irradiation of caffeic acid (E-
CAFA) solution for 7 h yielded a mixture of Z- and E-CAFA, thus
reflecting the well known E- to Z-photoisomerization [29-32].
This result was supported by the comparison of the UV absorption
spectra in methanol and in water solution (Fig. 7), and the forma-
tion of Z-CAFA was further confirmed by 'H NMR (results not
shown). This is an interesting application of UV absorption spectra
in water for qualitative and quantitative determination of Z-cin-
namic acids in natural samples containing mixture of both geomet-
ric isomers.
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(2)

Fig. 6. Optimized structures of the three-hydrated mono anionic (carboxylate anion) species of (a) E- and (b) Z-SA at the MP2/6-311++G(d,p) level of theory. Labels of the

atoms considered in dihedral angles are included.

(@)

E-CAFA-MeOH
E-CAFA-H,0
E-CAFA-MeCN

Absorbance

. 200 250 300 350 400 450 500

Wavelength (nm)

(b)

E-CAFA-MeOH
E-CAFA-H,0

- Z/E-CAFA-MeOH
Z/E-CAFA-H,0

Absorbance

0.0 =
200 250 300 350 400 450 500

Wavelenght (nm)

Fig. 7. Effect of solvent on the UV absorption spectra of (a) E-3,4-dihydroxycinnamic acid (E-CAFA). E-CAFA (2.7 - 107> M): --- MeCN, — MeOH, --- H,0; (b) E-CAFA
(2.7-1075M): — MeOH, --- H,0; E-3,4-dihydroxycinnamic acid + Z-3,4-dihydroxycinnamic acid (ZE-CAFA), --- MeOH, ---- H,0.

5. Conclusions

A detailed description of the spectral properties of Z-cinnamic
acids in water solution is presented in this study. The UV absorp-
tion spectra of several Z- and E-cinnamic acids reveal significant
differences in the behavior of the two isomers. The results show
a dramatic hypsochromic shift from methanolic to water solution
for Z-cinnamic acids, while a minor blue shift is observed for the
E-isomers. The pH experiments confirm the presence of neutral,
monoanionic (carboxylate form) and dianionic species depending
on the nature of the media, leading to different UV absorption
spectra. Quantum chemical calculations show that in water
solution the carboxylic side chain of deprotonated Z-cinnamic

acids (carboxylate anionic form) adopt a twisted conformation,
which alters the electronic density delocalization, in contrast with
the planar structure found for E-cinnamic acids. The results give
support to the use of UV absorption spectra as a powerful tool to
characterize mixtures of cinnamic acids in aqueous media.
Furthermore, the high-level quantum chemical calculations should
be valuable to examine the functional and biotechnological roles of
these compounds in condensed media.
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