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Wavelength-dependent intersystem crossing
dynamics of phenolic carbonyls in wildfire
emissionst

Rashid R. Valiev,
Ellery Moore,® Aidan Gee,” Greg Drozd

*3 Yiheng He,” Tate Weltzin,® Allen Zhu,” Dong Lee,”
® and Theo Kurten?

Quantum chemical calculations were employed to construct Jablonski diagrams for a series of phenolic
carbonyls, including vanillin, iso-vanillin, 4-hydroxybenzaldehyde, syringaldehyde, and coniferyl aldehyde. These
molecules can enter the Earth's atmosphere from forest fire emissions and participate in photochemical
reactions within the atmospheric condensed phase, including cloud and fog droplets and aqueous aerosol
particles. This photochemistry alters the composition of light-absorbing organic content, or brown carbon, in
droplets and particles through the formation and destruction of key chromophores. This study demonstrates
that following photon absorption, phenolic carbonyls efficiently transition to triplet states via intersystem
crossings (ISC), with rate coefficients ranging from 10° to 10%° s7% Despite the presence of multiple potential
ISC pathways due to several lower-lying triplet states, a single channel is found to dominate for each system.
We further investigated the dependence of the ISC rate constant (kisc) on the vibrational excitation energy of the
first accessible (nr*) singlet excited state (S; or S, depending on the molecule), and compared it with the
measured wavelength dependence of the photochemical quantum yield (D). Although our model only
accounts for intramolecular nonradiative electronic transitions, it successfully captures the overall trends. All
studied molecules, except coniferyl aldehyde, exhibit saturation in the dependence of both kisc and @5 on the
wavelength (or vibrational excitation energy). In contrast, coniferyl aldehyde displays a single maximum, followed
by a monotonic decrease as the excitation energy increases (wavelength decreases). This distinct behavior in
coniferyl aldehyde may be attributed to the presence of a double-bonded substituent, which enhances
n-electron conjugation, and reduces the exchange energy and thus the adiabatic energy gap between the
Si(nn*) state and the target triplet state. For small energy gaps, the classical acceptor modes of the ISC process
are less effective, leading to a low effective density of final states. Larger gaps enhance the effective density of
states, making the wavelength dependence of the ISC more pronounced. Our calculations show that while all
the studied phenolic carbonyls have similar acceptor modes, coniferyl aldehyde has a substantially smaller
adiabatic gap (1700 cm™) than the other molecules. The magnitude of the adiabatic energy gap is identified as
the primary factor determining the energy/wavelength dependence of the ISC rate and thus @

influences radiative forcing.>> Estimates indicate that BrC

may have a global warming potential approximately 20% of
that of black carbon.”™?

Phenolic carbonyls are released into the atmosphere during
biomass burning, including both forest fires and domestic
heating.’™ Once in the atmosphere, these compounds become
important components of organic aerosols, specifically brown
carbon (BrC).>'" BrC plays a significant role in climate pro-
cesses due to its ability to absorb light, which directly
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In water droplets, such as fog and aqueous aerosol particles,
phenolic carbonyls undergo photochemical reactions under sun-
light exposure."™® During these reactions, they can transition
into triplet excited states, which are a crucial step in their
photochemical activity.">™> These triplet states facilitate unique
oxidation pathways for organic aerosol components.’>® For
example, the interaction between triplet excited state vanillin
and ground state vanillin leads to concentration-dependent rates
of photochemical loss, significantly impacting the transformation
and chemical activity of organic aerosols.>'”*® The scheme of loss
of phenolic carbonyls is shown in ESI{
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Studies show that the quantum yield for the photochemical
loss of vanillin depends on the wavelength of sunlight."”°
Utilizing this wavelength dependence allows more accurate
application of laboratory experiments to actual atmospheric
conditions. Previously, our quantum chemical studies demon-
strated that the intersystem crossing (ISC) rate constant for
vanillin exhibits a wavelength-dependent behavior that closely
mirrors the quantum yield for its photochemical loss.'® As the
absorption wavelength decreased, the intersystem crossing rate
constants from the singlet excited state to the accessible triplet
states initially rose, and then reached a saturation point. This
behavior was attributed to the specific energy dependence of the
overlap of the nuclear wave functions of these electronic excited
states, known as the Franck-Condon (FC) factors. The FC factors
are influenced by molecular structure, including the presence or
absence of single or double bonds.”® Consequently, it is antici-
pated that other molecules in the phenolic carbonyl series may
exhibit entirely different dependencies. In this study, we address
this issue, both theoretically and experimentally, developing the
theory and applying it to a range of phenolic carbonyl molecules:
iso-vanillin, 4-hydroxybenzaldehyde, syringaldehyde, and coni-
feryl aldehyde. The studied molecules are shown in Fig. 1. This
study demonstrates that different phenolic carbonyls exhibit
varying behavior in terms of the dependence of the ISC rate on
the wavelength of radiation absorbed. This variation is expected
to influence also their atmospheric chemistry.

2. Theory and computation

2.1. Photophysical processes

As previously noted, the triplet state of phenolic carbonyls plays
a critical role in their photochemical activity.'*”"> Phenolic
carbonyls absorb light in the 295-400 nm range, transitioning
into the first nn* excited singlet state. This can be either the
lowest excited singlet state (S;) or the second-lowest excited
singlet state (S,), as the lowest excited singlet state S; may in
some cases be a dark nr* state.’®>' For example, vanillin has an
nn* state as its first singlet electronic state, with almost zero
probability of an electronic transition from the ground state
(So)- After absorption and vibrational relaxation, the electronic
excited state energy can be dissipated through three intra-
molecular pathways: photon emission back to the ground
singlet state (S,), internal conversion (IC) to Sy, and intersystem
crossing (ISC) to a lower-energy triplet state (T,)."®*' When the
S; state is a nn* dark state, an IC from S, to S; is possible as
well. It is well known that when the first excited singlet state is a
nn* state, and when the state is more than 20000 cm ™" (less
than 500 nm) above the ground state, its main deactivation
channel is the ISC process.>** The energy gap criterion is
fulfilled for phenolic carbonyls."®?" The reason for the dom-
inance of the ISC process is the difference in configuration
between the nn* excited singlet state, and a lower-energy triplet
state (T,, where n can be 1, 2 or 3) of type nn*. This leads to
large spin-orbit coupling matrix elements (SOCME) between
these states, resulting in large intersystem crossing rate
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Fig. 1 The molecular structure of the studied phenolic carbonyls: vanillin
(Van), iso-vanillin (IsoVan), 4-hydroxybenzaldehyde (4HBA), syringalde-
hyde (Syr), and coniferyl aldehyde (ConAld).

constants (kisc), according to El-Sayed’s rule.>** We have
previously proven this conclusion for vanillin using quantum
chemical calculations.*®

2.2. ISC calculation details

Within the Franck-Condon approximation, and assuming a linear
coupled model (ie. the Hessians of the initial (S;) and final electro-
nic (T)) states are equal), kiso(S; — T)) can be calculated as'®*’

(¥ (Si)|Hso |?(T)) >2J+xe"’(’)d1,

kisc (Si — T;) = n (1)

—0o0

where

(1) = ZAE -+ 3, (e = 1) + 2p,m, (1 = cos (1)), (2)

and m, = is Boltzmann population of the p-th mode

hoy
1 —ekT
vibrational level with frequency w,. €™ is a correlation function,
while y, is the Huang-Rhys’ factor related to the equilibrium
position displacement of the ypth mode during the S; — T;
transition, and AE is the a diabatic energy gap of the transition.
The integral (2) cannot be calculated because it diverges.'®
Typically, to ensure convergence, a physical regularization

is introduced by adding a damping term such as exp(—y|t|)

L0}
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for Lorentzian damping or exp(—yt*) for Gaussian damping.'®>>2
Generally, the Gaussian term significantly underestimates the rate
constant, while the Lorentzian term overestimates it.'®>°

One of the effective methods for evaluating this integral is
the method of the first saddle point,'® which provides the
following analytical solution:*®

21 o {¥(S)IHso]¥(T)))?

klsc(s,' - TI) = ‘@”(TT)‘ ¢ 72 . (3)

Here the second derivative of ®(¢) is
V(1) = =y, (" + 2m,ch(e,d). (4)

The first saddle point (zr) can be found by solving the following
expression'®

ho, (e + 2m,sh(w,tr)) = AE. (5)

Finally, kisc(S; — T;) depends on the effective temperature (7).
The effective temperature (7) is related to the occupancies of
vibrational levels and, ultimately, to the vibrational energy of
the S; state.*®2°

Previously, we applied this method to vanillin (Van). Here, we
apply it to iso-vanillin (Isovan), 4-hydroxybenzaldehyde (4HBA),
syringaldehyde (Syr), and coniferyl aldehyde (ConAld). Addition-
ally, we calculated the internal conversion (k;c) and radiative (k)
rate constants from the lowest energy excited singlet state of type
n-n* (S; or S,, depending on the molecule) to the ground state
(So) to estimate the fluorescence quantum yield (¢gq) using the
method described in details in ref. 27-31. This calculation
requires the oscillator strength ( f), energy (E), configuration
interaction coefficients (CI), and molecular orbital basis set (BF)
coefficients involved in the electronic transition.

2.3. Computational details

The molecular geometries of all studied systems were optimized
in the first excited singlet state of type nm*, referred to for
simplicity as S(nn*) in the following discussion. For Van, IsoVan
and 4HBA S(nt*) corresponds to state S, (as these molecules have
a lower-lying dark state of type nn*), while for Syr and ConAld
S(nm*) corresponds to S;. For all studied systems, we explicitly
included one H-bonded water molecule in the structure.

In our preliminary SOCME calculations based on the S(mr*)
optimized geometries, one electronic transition from S(rn*) to
T, (where n is 1, 2 or 3 depending on the system) was found to
dominate over others. The reason is that these specific transi-
tion have a nn* — nn* character, while the other ISC are nn* —
nrn*. The dominant transition is into T, for Van, IsovVan and
4HBA, and into T; for Syr and ConAld. For simplicity, we refer
to this as the target triplet T(nn*) state. To examine the ISC
dependence on the adiabatic energy gap (AE), the molecular
geometries were optimized also in the target triplet state.
Hessians for the initial S(nn*) and target T(nm*) states were
calculated using time-dependent density functional theory
(TDDFT).*> The calculations employed the CAM-B3LYP**
exchange-correlation functional, a 6-31G**** basis set, and
the polarizable continuum model®® to account for solvation
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beyond the first explicit water molecule. We stress that it is
important to explicitly include the interaction of the molecules
under investigation with one water molecule to accurately
account for solvent effects in the electronic excited state
calculations."®?! The choice of CAM-B3LYP is due to its ability
to account for the charge-transfer character of electronic transitions,
which can be relevant for carbonyls with larger substituents.
We note that B3LYP is unable to properly treat these systems.
As will be shown later, the adiabatic energy gap AE is a key
parameter in the studied process, and it can vary with the
functional used. Our calculations on vanillin show that for this
system, B3LYP and CAM-B3LYP yield similar values, with a
difference of only 0.04 eV. We performed further test calcula-
tions with the ®b97X-D functional on ConAld (lowest-energy
conformer), Van, and 4HBA to assess the sensitivity of AE to the
used functional for different absolute values of AE magnitudes.

Due to the presence of a C=C double bond, the ConAld
molecule has both cis and trans isomers, each with multiple
conformers. These were all explicitly studied. For the other
molecules, the lowest-energy conformer found in the initial
optimizations was used. We note that the results presented
here for Van differ slightly from those in our earlier study due
to the use of the CAM-B3LYP functional rather than B3LYP."®

The SOCME between the electronic states of different multi-
plicities were calculated using MOLSOC software®® at the
TDDFT level of theory with CAM-B3LYP/6-31G**. BF, CI, f and
E, needed for the k; and k¢ calculation, were also all computed
using TDDFT/CAM-B3LYP/6-31G*.

All quantum chemical calculations were performed using
Gaussian 16’ software on the PUHTI CSC supercomputer.®®

3. Experimental details

3.1. Methods

3.1.1. Materials. All reagents (syringaldehyde: 98%, con-
iferaldehyde: 98%, 4-hydroxybenzaldehyde: 95%, isovanillin:
>95%, vanillin; 99%) were purchased from Sigma-Aldrich
and used without further purification. HPLC solvents were
prepared with 18 MQ 100 deionized water, acetonitrile
(HPLC-Plus >99.9%), and formic acid (>95%). pH adjust-
ments were made with HCI (1 N, Titripur).

3.2. Illumination source characterization

6 UV-LED (Violumas) with nominal wavelengths of 300, 318, 327,
342, 370, and 382 nm were used to illuminate aqueous phenolic
carbonyl samples. The LEDs (light emitted diodes) were con-
nected to a Tekpower TP1803D variable DC power supply with
current controlled under 1 A. The LED spectral profiles are
shown in Fig. S1 (ESIf). The photon flux of each LED was
determined using 2-nitrobenzaldehyde (NBA) as an actinometer
which has a known and constant quantum yield (0.43) between
300-400 nm. The conversion of NBA to 2-nitrosobenzoic acid was
monitored with an Agilent Cary 60 UV-Vis spectrometer over a
period of 2-3 lifetimes. Typical volume averaged fluxes for LED
varied between 2.0 x 10*°-3 x 10"’ photons cm > s~ %, with the
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highest fluxes for longer wavelengths where absorption is
weakest.

3.3. Photolysis experiments

1.0 mL of phenolic carbonyl solution was added to a quartz vial
(Technical Glass Products, 15 mm dia) with UV LED illumina-
tion from below and a pathlength of 0.88 cm. To minimize
internal screening, solution absorbance was kept below
0.2 (Section S1, ESIt). For shorter experiments fresh solution
was used for each time point, and for longer experiments aliquots
were removed, never reducing total solution volume by more than
10%. Vials were tightly sealed with a Teflon-lined screw cap to
prevent evaporation. The laboratory temperature was 23 + 2 °C.
All samples had pH = 2, as atmospheric particle pH is generally
observed to be between 0 and 4, with an approximate range
recently considered to span —1 to 5.**** Cloud or fog droplets
generally have higher pH, approximately 2-7.**

3.4. HPLC analysis

Eluents were ultrapure water (eluent A), and acetonitrile (eluent B)
both with 0.1% formic acid. The solvent flow rate was
0.5 ml min~'. The mobile phase gradient was: starting with 0%
B, isocratic for 2 min, followed by a gradient to 100% B in
5 minutes, a hold at 100% B for 1 minute, and a gradient to 0%

View Article Online
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B in 1 minute followed by a 3 minute hold at 0% B. The HPLC
system was connected to the ToF-MS via a diode array detector
(DAD) equipped with a 500 nL flow cell, 10 mm pathlength, using
a reference wavelength of 500 nm. The electrospray ion source of
the MS was operated using the following setup: nebulizer pressure
2400 mbar, drying gas flow 8 | min™", dry gas temperature 325 °C,
and spray voltage 3500 V. Quantification of each phenolic carbonyl
was determined using calibration from the UV chromatograms of
known standards.

4. Results and discussion

4.1. Conformer analysis of ConAld and Van, IsoVan

Due to the non-aromatic double bond, ConAld can exist in both
cis and trans isomeric forms, which do not interconvert at
atmospheric temperatures. Each isomer then has multiple
possible conformers, which do interconvert. Fig. 2 shows all
the six conformers of ConAld discovered in our sampling. The
structures of Van and IsoVan are also shown for comparison.
We found 4 trans-conformers and 2 cis-conformers of ConAld.
The lowest-energy conformer of the cis-isomer is over 5 kcal mol
higher in energy than the lowest-energy conformer of the trans-
isomer. At equilibrium, the trans structures would thus dominate.
However, we caution that due to the high barrier for

“a “o ¢ e
< { @ @ | c“ L :\ I
l\ ¢ :J' . c—¢ ® " o—C £ k P c T ~o
Fc . c " @ X’ g‘: c 5\9 y XF ’ ¢ c\“ “\3/9\g c‘ ® r
c ¢ c—& é » \ A ® ® 9
@ S L é W c . |
@ . we
A) B), c) D)
oP O
¢ L ‘l e ,,c g\igﬁ
Z\ c o ® @ c ) ¢ c—@®
¢ 1 3, | by ®
« T ~ % ?
@ ®
E) F)
@
A c (% ©
c @ @
¢ E N £
1 T c W
o’ € c
«\; ' A ™
&\ Ct —cg I}
¢ S
G) H)

Fig. 2 All discovered conformers of the trans- and cis-isomers of ConAld. The respective energies are 0.00, 1.72, 1.41, 0.38, 6.29 and 5.75 kcal mol™* at
the PCM/CAM-B3LYP/6-31G(d,p) level for (A) TRANS-I, (B) TRANS-II, (C) TRANS-III, (D) TRANS-IV, (E) CIS-I, (F) CIS-II, respectively. (G) Van (H) IsoVan

have relative energies of 0.00 kcal mol™ and 6.00 kcal mol™, respectively.
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interconversion, the actual isomer distribution depends on the
reactions forming the ConAld molecules in the first place. Note
that our computed energies are both quantitatively and qualita-
tively in good agreement with the results reported in ref. 44, where
it was shown that the four ¢rans-isomers are within 1.7 keal mol "
of each other at the B3LYP/6-31G(d,p) level of theory. In our case,
using CAM-B3LYP, we obtained a similar energy range of 0-
1.72 keal mol .

We further note that vanillin (Van) and isovanillin (IsoVan)
are structural isomers, with the latter 6 kcal mol ™' higher in
energy. However, as the interconversion reaction has an extre-
mely high barrier, this energy difference is not relevant to their
atmospheric chemistry.

4.2. Photophysical properties

The SOCME values and all other intramolecular rate constants
for the phenolic carbonyls under investigation are presented in
Table 1. For ConAld, the calculation was done for the lowest
energy conformer TRANS-I. As expected, the main deactivation
pathway of the lowest energy singlet state is intersystem cross-
ing (ISC) to the triplet state with a nt* configuration, for which
kisc = 10°-10"% s 7. Only for the 4HBA, the k;(S, — S;) prevails
over kisc(S, — T,). The fluorescence quantum yield is negligible
due to the large kisc and kic.

It should be noted that the considered molecules have
multiple low-energy triplet states. For most molecules, three
triplet states lower in energy than the lowest excited singlet
state of type n-n* are observed. The exception is 4HBA, which
exhibits only two triplet states below S,. Among these triplet
states, only one has an ISC channel that significantly contri-
butes to the total intersystem crossing (ISC) rate constant.
Specifically, the kisc(S, — T,) pathway serves as the main
deactivation channel for Van, Isovan and 4HBA. In contrast,
the kisc(S1 — Ts) pathway is predominant for ConAld and Syr.
The latter result is attributed to the Ts(nn*) state being close in
energy to S;, along with a substantial SOCME for ConAld.
Consequently, the kisc(S; — T;) rate for ConAld exhibits the
highest value among all the studied rate constants. Further, we
note that there is a reasonably good agreement between the
experimental and theoretical fluorescence quantum yields, as
the values are within one order of magnitude from each other.
For Van, the experimental ¢g(S; — So) is 0.012>" while the
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theoretical value is 0.01. For Syr, the corresponding numbers
are 0.008>" and 0.04, respectively.

4.3. Intersystem crossing wavelength dependence

We investigated the dependence of the main ksc(S(nn*) — T(nn*))
process on the excitation wavelength. By increasing the frequency
of electromagnetic radiation from that corresponding to the
energy of the pure electronic transition S(nt*) — S,, we can excite
the vibrational modes of S(nr*). This has two consequences. First,
it leads to increase in energy (AE + him,w,) of the S(nn*) state with
respect to the ground vibrational state of the target triplet
electronic state T(nn*). Here, m; and ; are vibrational quantum
numbers and frequencies, respectively, of the vibrational modes
of S(nr*). This, in turn, alters the Franck-Condon factor between
the S(nn*) and T(nn*) states, which finally determines the rate
constant kisc(S(nm*) — T(nm*)) as defined by eqn (1)—(5). Conse-
quently, there emerges a dependence of kiso(S(nn*) — T(nn*)) on
the wavelength of the electromagnetic radiation.

The results for all molecules, including all isomers, are
presented in Fig. 3. The figure plots the ISC rate as a function
of the excess excitation energy (the energy in excess of the
S(mm*)-S, energy gap), in wavenumbers. Additionally, the values
of the adiabatic energy gap and the main acceptive modes with
the y (Huang-Rhys factors) are given in Table 2. As observed
from Table 2, the adiabatic energy gap of the main deactivation
channel (ISC) decreases from 4HBA to ConAld, reaching a
minimum value of 1630 ecm *. In contrast, the principal
accepting modes and their Huang-Rhys factors are similar
across the entire series of molecules. These modes are primar-
ily associated with the breathing vibrations of the benzene ring.
The wavenumber region 1200-1700 cm™ ', with Huang-Rhys
factors y ranging from 0.1 to 0.6, corresponds to the typical
accepting modes of the ISC process in organic
molecules.?™?>?”729 This region is characterized by an average
wavenumber of approximately 1400 cm !, and an average
Huang-Rhys factor of y ~ 0.3.>"*>*7

From Fig. 3, it can be observed that the dependence of ks
on vibrational excitation is notably different only for ConAld. In
this case, kigc rapidly reaches a maximum and then decreases,
whereas for the other molecules, it increases and then reaches
saturation. We previously reported this saturation behavior for
van.'® Now, we observe that it occurs for all studied molecules
with an adiabatic energy gap larger than that of ConAld. It is

Table 1 Calculated spin—orbit coupling matrix elements, rate constants of the photophysical processes, and the quantum yields of fluorescence
(pa(S; = So)). Here, i = 1 for ConAld and Syr and i = 2 for Van, IsoVan and 4HBA

Molecule Van IsoVan 4HBA Syr ConAld
{Si|Hso|T,), cm™* 0.3 1.0 26.90 0.32 0.05
(Si|Hso|T2), em ™ 12.0 10.00 2.70 0.22 0.08
(S;|Hso|T3), cm™* 0.6 0.4 — 12.8 14.4
kisc(Si = Ty), 87" 1.0 x 10" 1.0 x 10* 5 x 10® 1x10" 1x107°
kisc(Si = Ty), 57! 2.2 x 10° 2.0 x 10° 1.0 x 107 3.0 x 10° 7.0 x 10°
kisc(S; — T3), 87" 3.0 x 107 3.0 x 107 — 4.6 x 10° 1.0 x 10"
k(S; = So), s" 7.0 x 107 7.0 x 10’ 1.0 x 10° 2.0 x 108 2.0 x 108
kic(Si = So)y s! 1.0 x 10° 5.0 x 10° 1.0 x 10* 5.0 x 10* 5.0 x 10*
kic(S2 — S1), 5" 1.0 x 10° 1.0 x 10° 1.0 x 10° — —

éa(S; — So), s 0.01 0.01 0.07 0.04 0.04
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Fig. 3 The dependence of kisc(S, — T») (a)—(c) for Van, IsoVan, 4HBA, Syr and kisc(S; — T3) (d) for ConAld and Syr on the vibrational energy of the

initial state.

Table 2 Calculated adiabatic energy gaps and main acceptor modes for minimum-energy conformers of the molecules under investigation

Molecule Adiabatic energy gap (cm ™) Main acceptors w(y) in cm ™"

Van AE(S,-T,) = 5800 1320(0.08), 1573(0.09)

IsoVan AE(S,-T,) = 5860 1386(0.09), 1595(0.22)

4HBA AE(S,-T,) = 9500 1386(0.65), 1594(0.21), 1695(0.12)

Syr AE(S;-T5) = 5100 1442(0.15), 1485(0.16), 1607(0.16), 1657(0.14)

ConAld AE(S,-T;) = 1630 1252(0.16), 1410(0,40), 1532(0.12), 1571(0.10), 1650(0.11)

important to note that all cis-isomers of ConAld exhibit signifi-
cantly lower kisc values, with a much weaker dependence on
vibrational excitation energy compared to the trans-isomers.

Van and IsoVan have similar vibrational excitation energy
dependences for the region 0-1000 cm ™", but the value of kig¢ is
larger (and depends more strongly on the wavelength) for Van
than for Isovan at larger energies. In any case, both reach
saturation at around 5000 cm "

To further clarify the dependence of kisc on vibrational
excitation, we constructed the relationship between the integral

ﬁw *(d¢, which can be associated with the effective density of

This journal is © the Owner Societies 2025

the final T(nn*) state, occupancies of different energy levels of the
vibrational modes in S(rnn*), and the adiabatic energy gap. This is
shown in Fig. 4, with different colors associated with energy gaps
of 500-5000 cm™". Here, we used the characteristics of accepting
modes (w(y)) corresponding to Van. It can be seen from Fig. 4 that
if the adiabatic energy gap is larger than 2500 cm ™", the effective
density first increases as a function of vibrational energy and then
reaches saturation. This behavior can be explained by the existence
of good and bad acceptors for ksc.>® In the ISC process, the energy
AE + hmyw; of the S(nm*) state should be transferred into the
excitation of vibrational modes of the T(nn*) state, n,w; (Where n;
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Fig. 4 The model dependence of effective density of final state on the
vibrational energy of initial state at different energy gaps.

and o; are the vibrational quantum numbers and frequencies,
respectively, of the T(nn*) state). There are good and bad acceptor
modes, corresponding to large and small y; values, respectively.

The good acceptors make large contributions to the jfije‘b(’)dt
integral. When the adiabatic energy gap is less than 2500 cm ™,
the accepting modes (1200-1700 cm ') are not efficient in accept-
ing the additional vibrational energy from the S(nn*) state. Con-
sequently, we tend to observe an initial maximum, followed by a

decrease in the kjsc value. However, the detailed dependence of
J'fze‘p(”dt on the y; and AE is more complicated, and can even
have a saddle point, as seen in Fig. 3c. Additionally, it is important
to note that the absolute value of the effective density at a given
vibrational energy decreases with an increasing adiabatic energy
gap, which is in complete agreement with the energy gap law for
the radiationless rate constant of electronic transitions.*

Thus, the wavelength dependence of kisc depends primarily
on the adiabatic energy gap between the electronic states, with
2500 cm ' as a key threshold (with different behavior for gaps
larger and smaller than this value). As AE is the key parameter
for the studied process, we carried out additional calculation of
AE using the wb97xD to test how sensitive our results are to the
choice of method. The result were AE(S;-T;) = 1700 cm ™" and
(S1|Hso|T3) = 140 cm ™" for ConfAld, AE(S,-T,) = 5551 cm™ " and
(S3|Hso|T,) = 10 em™" for Van, and AE(S,-T,) = 8700 cm ™"
and (S,|Hso|T,) = 20 ecm™" for 4HBA. These results are close to
the values calculated by CAM-B3LYP (see e.g. Table 2).

Also, we can speculate that the presence of a double bond
increases the m-electronic conjugation in ConAld. Usually, this
reduces the exchange energy, and finally the energy gap
between the singlet and triplet states.”*>* Thus, the presence
of a double bond in the structure of ConAld can cause (among
the molecules studied here) a unique wavelength dependence
for the ISC process, and ultimately for its photochemistry.

4.4. The wavelength dependence on the experimental
quantum yield for loss

Experimental results for quantum yields of phenolic carbonyl loss,
D)0, are shown in Fig. 5. For most structures, ®j,qs consistently
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Fig. 5 Quantum yield for loss, ®@.s, Measurements for the 5 structural
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decreases with increasing wavelength. Syr exhibits an approxi-
mately constant @.s in the range from 325-340 nm, with a
continued decrease at longer wavelengths. Negligible loss for
4HBA was observed for wavelengths above 320 nm, likely due to
a decrease in @),s; and minimal photon absorption, so @, for
4HBA is not reported above 320 nm. @, for ConAld shows a
single, well-defined peak near 325 nm.

We can now qualitatively compare the experimental mea-
surements with the theoretical results. The comparison is
shown in Fig. 6. If we assume that loss processes are dominated
by triplet state formation, then the kjsc should be correlated

2.00E+010  ~ ——Van ----Van 4 0.020
N Iso-Van  ----lso-Van
1.80E+010 | A 0,018
N — 4HBA ----4HBA
1.60E+010 -| . ——Syr ----Syr 40016
\
1.40E+010 ~~ _ Y +0.014
~. \
1.20E+010 N N H0012 3
"o =
. 1.00E+010 Hoot0 g
)

o] - 2
% 8.00E+009 - H0008 &
3
6.00E+009 - 0006 &

4.00E+009 +0.004

2.00E+009 - 40.002

T T T T T : = 0.000

300 310 320 330 340 350 360 370 380
wavelength, nm
8.00E+010 - -0.011
P ----ConAld
PR ConAld ) Jooto
7.00E+010 . 4 0.009
,
e - 0.008
.

- kel
6.00E+010 ) Jooor 3
v >
W 40006 E
’  5.00E+010 2
2 —40.005 §
X 3
o

4.00E+010 - 0.004

40.003

3.00E+010 4 4 0.002

+0.001

2.00E+010 1 0.000

T T T T T T T
300 310 320 330 340 350 360 370 380
wavelength, nm

Fig. 6 The comparison between the measured dependence of quantum
yields of phenolic carbonyl loss and calculated dependence of kisc on
wavelength. The solid lines correspond to the calculated values and the
dashed lines correspond to the measured ones.
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with @5 for all molecules. Indeed, only ConAld has a clear
maximum in the @y, dependence. ksc(S1-T;) for ConAld also has
a maximum in its dependence on the vibrational energy of the
initial state for all its conformers. The @, dependences of
the other molecules do not show a peak, and tend to saturate at
short wavelengths, similar to their ksc. The only deviation occurs
for Syr near 325nm, where @, is relatively constant or possibly
decreases slightly, but moving to shorter wavelengths @), for Syr
shows continued increase and subsequent saturation. Analo-
gously, the kisc vibrational excitation energy dependence for Syr
has a saddle point at 2000 cm ', with a plateau between
2000 cm™ " and 3000 cm™ ' as seen from Fig. 3c. At higher
energies, further increase followed by saturation are observed.

It should be noted that for the lowest-energy conformer of
ConAld, k;sc reaches its maximum very rapidly, at an energy of
only 100 cm™'. In contrast, @y, increases from 380 nm to
325 nm, corresponding to an energy difference of approxi-
mately 4450 cm™'. This additional broadening, compared to
the wavelength dependence of k¢, may be due to the aqueous
environment of the molecule, which cannot be fully accounted
for in our theoretical model. Nevertheless, the model success-
fully reproduces the overall qualitative trend in the dependence
of @, characterized by a single maximum, which is not
observed for other phenolic carbonyl molecules.

Thus, the comparison between the measured dependence of
quantum yields of phenolic carbonyl loss and calculated depen-
dence of kgc on wavelength supports the hypothesis that transi-
tions to the triplet state indeed dictate their photochemical loss.

5. Summary and conclusion

Quantum chemical calculations were employed to construct
Jablonski diagrams for several phenolic carbonyls: vanillin, iso-
vanillin, 4-hydroxybenzaldehyde, syringaldehyde, and coniferyl
aldehyde. These molecules can be present in Earth’s atmo-
sphere due to forest fires and participate in photochemical
reactions within water droplets and aqueous aerosol particles,
leading to the formation of brown carbon which influences the
climate. It has been shown that, following photon absorption to
the first accessible (n* type) singlet state, denoted here S(nm*),
these molecules efficiently transition to triplet states via the
intersystem crossing (ISC) mechanism, at rates of 10°-10' s,
Although the ISC process can in principle proceed through
multiple ISC channels due to the presence of several lower-lying
triplet states, a single channel dominates for each molecule.
For vanillin, iso-vanillin and 4-hydroxybenzaldehyde, this
dominant channel is S; — T,, whereas for coniferyl aldehyde
and syringaldehyde, it is S; — Ts;.

For the dominant ISC channel, the dependence of kjsc on
the vibrational excitation energy of S(nn*) was computed, and
compared with the wavelength dependence of photochemical
loss. Although a relatively simple model was used, accounting
only for intramolecular nonradiative electronic transitions, the
overall trend of both dependencies is similar. All but one of the
molecules investigated exhibit saturation in the dependence of

This journal is © the Owner Societies 2025
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kisc and @j,5s on the photon wavenumber or the vibrational
excitation energy of the S; state. The exception is coniferyl
aldehyde, where a single maximum and a subsequent mono-
tonic decrease are observed with increasing wavenumber. This
behavior may be attributed to the fact that addition of a
substituent with a double bond in the phenolic carbonyl struc-
ture, such as in coniferyl aldehyde, increases n-electron conjuga-
tion, thereby reducing the exchange energy and the adiabatic
energy gap between S; and the target triplet state. For small
energy gaps, the classical acceptor modes of the ISC process,
with an average frequency of 1400 cm™ ' and a Huang-Rhys
factor ~0.3, may be ineffective, resulting in a low effective
density of final states.>® Conversely, at larger energy gaps, the
excitation of these modes leads to the formation of a highly
effective density of states, and the dependence becomes more
pronounced. Indeed, quantum chemical calculations clearly
demonstrate that the adiabatic gap in coniferyl aldehyde is
significantly smaller (1700 cm™") compared to the other inves-
tigated phenolic carbonyls; the set of acceptor modes is nearly
the same as in these molecules, with characteristic frequencies
of 1200-1600 cm™* and y = 0.1-0.3. Thus, the primary parameter
distinguishing the different types of ISC dependencies and,
consequently, @), is the magnitude of the adiabatic gap. We
have shown that for adiabatic gaps greater than 2500 cm
growth and saturation are observed, while for smaller gaps, a
maximum followed by a decrease with increasing photon wave-
number is observed.
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spin-orbital coupled interaction operators were computed
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these calculations are compiled and discussed in detail in the
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