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Supermolecular calculations that treat both the solute and the solvent quantum-mechanically are
performed to analyze the solvatochromism of the first emission transition of formaldehyde in water.
The liquid structures are generated by NVT Metropolis Monte Carlo simulation assuming a fully
relaxed excited state. The autocorrelation function is calculated to obtain an efficient ensemble
average. A detailed analysis of the hydrogen bonds and their contribution to the solvation shift is
presented. On average, 0.7 hydrogen bonds are formed in the excited state, about three times less
than in the ground state. Quantum-mechanical calculations using the intermediate neglect of
differential overlap with singly excited configuration interacti®NDO/CIS) are then performed in

the supermolecular clusters corresponding to the hydrogen bond shell and the first, second, and third
solvation shells. The third solvation shell extends up to 10 A from the center of mass of
formaldehyde, showing the very long-range effects on the solvation shift of this polar molecule. The
largest cluster includes one formaldehyde and 142 water molecules. INDO/CIS calculations are
performed on this cluster with a properly antisymmetric reference ground state wave function
involving all valence electrons. The estimated limit value for the solvatochromic shift of-th&
emission transition of fully relaxed formaldehyde in water, compared to the gas phas&6®

cm L. The total Stokes shift of formaldehyde in water is calculated~&60 cm®. © 2000
American Institute of Physic§S0021-96060)51544-X]

I. INTRODUCTION the solvent molecules around the solute are explicitly in-
cluded in the quantum mechanical treatment. Several of
The study of solvent effects in molecular absorptionthese calculations are necessary to obtain the ensemble aver-
spectroscopy has attracted considerable attention in receage that indeed characterizes the statistical nature of the lig-
years!™* For one reason this is related to the simple fact thatiid. This is an approach that is conceptually sound, in the
most experiments are done in solution. For the other, aBense that the solvent molecules are explicitly considered
UV-Vis absorption spectrum is very sensitive to solvent ef-(thus taking into account the microscopic structure of the
fects and it can thus be used judiciously in modeling inter-solven) and a proper statistical ensemble is used. It includes
molecular interaction. Early studies have used classicahaturally the solvent contribution to the line-shape broaden-
analysis to relate spectral shifts to the index of refraction andhg of the transition. However, it is clear that such an ap-
dielectric constant. More recently, the original ideas ofproach is very demanding computationally. Several quantum
Onsaget and Kirkwood of enclosing the solute in a cavity mechanical calculations are necessary in the supermolecules
and interacting with the solvent as a polarizable dielectriccomposed by the solute and several solvent molecules. One
continuum has been extended® This self-consistent- possible simplification has recently been suggeStert av-
reaction field has been used successfully in the study of sokrages the electrostatic potential thus reducing the number of
vatochromic shifts of polar solutes. An approach that is gainquantum mechanical calculations. Another procedure re-
ing wide acceptance is the use of a combined quanturgently proposed by us is to use the autocorrelation function
mechanics/molecular mechanics meth6d?® Another some-  of the energy of the configuration obtained in the Monte
what similar approach that has seen increased acceptability @arlo simulatiort! As the Metropolis Monte Carlo is a
the combined use of quantum mechanics with some sort aflarkoviar?? process, the total number of quantum mechani-
computer simulation of liquid&*2° As a liquid has not one cal calculations can be dramatically reduced if statistically
but several structures at a given temperature, computer simgerrelated structures are avoid@d®3Therefore we make a
lation can generate the molecular structures of the liquid fotletailed analysis of the autocorrelation function of the en-
subsequent quantum mechanical calculatfori8?° This  ergy. This is the analog of the time-correlation function in
leads naturally to the so-called supermolecular model, whermolecular dynamics and allows the determination of the
correlation-time analog in a Monte Carlo simulation. To re-
acorresponding author. Electronic mail:  canuto@if.usp.br; fax; duce further the calculations, the size of the supermolecules
+55.11.3818-6831 to be used can be systematically analyzed using the pairwise
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radial distribution function. For nonpolar molecules the long _
range effects are not very important. Indeed, it has beeng

& Franck-Condon

noted previousKf that the calculation of the solvatochromic _/——\ixamm

shifts of benzene in different solvents, both polar and non- e .
polar, it suffices to consider only the first solvation shell. For vo v

benzene in water this amounts to a supermolecule compose | \ | ¥ i L : "

of one benzene and 18 solvent water molectfleSithough | ~%-------mom--moommemeoogeeoesy Gaspm/__\_,
this might be a reasonably large supermoleculeatoiinitio Coordinate _J:;i‘iO“ Emission in
calculations it is well within the reach of semiempirical tech- b rpion

nology. For polar solutes, such as formaldehyde, this extends
to a considerable larger distance. For instance, the solvatio'ﬂ
shift of the first absorption transition of formaldehyde in wa-
ter requires the inclusion of at least the third solvation shell,

extending the effects up to a center-of-mass distance of MOsometry of the excited state. In fact, the dipole moment of
than 8 A away from formaldehyd. the ground state is found to be larger in the geometry of the

The solvation of molecular excited electronic states hag,y.ited state than in its own equilibrium geomeﬂﬁ?Thus

been studied by several groupis’*but the spescgif;g consid-  in a similar reasoning, the solvation shift in the fluorescence
eration of fluorescence shift is more spa%%“:_ A fun- should also increase the transition energy. In neither case,
damental question has to do with the relaxation time of theypsorption or emission, the solvation shift is determined ex-
excited state in the solvent. For the absorption, it is generallyarimentally. Formaldehyde in water forms oligomers and
assumed that the transition is vertical, obeying the Franckne experimental shift is not well determined. However, sev-
Condon principle. The ground state is in equilibrium with the era) theoretical investigations were performed in the absorp-
solvent and no relaxation time is involved for the groundtjon shift of formaldehyde in watéf2>293041-5hjract cal-
state. Upon vertical excitation the excited state has no time tgy|ations and a comparison with the acetone case, where
equilibrate with the solvent, and both the geometry and elecexperimental results are known, indicate that the solvation
tronic structures are unrelaxed. For the emission, instead, thgift for the absorption of formaldehyde in water is close to
transition initiates in the excited state. If the relaxation time2500 cm L.
is smaller than the lifetime of the excited State, the SyStem There are several reasons to pursue a theoretical investi-
may relax before emitting. If however, the relaxation is slow,gation of the fluorescence shift of formaldehyde in water.
the emission will occur in a nonrelaxed state. In fact, therjrst, formaldehyde is a prototype of the carbonyl bond that
fluorescence spectrum may be a superposition of instantgs so important and related to acetaldehyde, acetone, etc. Sec-
neous transitions depending on the solvent relaxdflon. ond, there are indeed very few studies of the solvation effects
Formaldehyde is known to be planar in the ground state angf excited states as related to electronic spectroscopy. Fi-
out of plane in then-7* excited state. The relaxation of the nally, the solvation shift in fluorescence spectroscopy is a
excited state has been studied by Letyal*® using molecu-  challeging problem where we can test the supermolecular
lar dynamics simulation. They used the equilibrium geom-approach involving simulation methods and quantum me-
etry of the excited state and found out that the solvent relaxchanical calculations with explicit consideration of the sol-
ation is very fast. After 100 fs the first solvation shell wasvent.
fully relaxed. After an additional 500 fs, the relaxation was ~ We perform a systematic study of the—7* blue shift
nearly complete, extending to a region of 7.5 A. In this papeiof formaldehyde in water, where the solvent molecules are
we study the solvation shift of the— 7* state of formalde- explicitly included in the quantum mechanical calculations.
hyde in the emission. For this we use our combined MonteThis includes the electrostatic interaction between the solute
Carlo—quantum mechanics approach that was very successad the solvent and the corresponding induced polarizations
ful in the absorption stud$?*° We assume that the excited both in the solute and in the solvent. We use Monte Carlo
state is fully relaxed and perform a Monte Carlo simulationsimulations to generate structures of the liquid and supermo-
of formaldehyde in the- 7* excited state in water. Both the lecular quantum mechanical calculations, with all-valence
geometry and the classical potential of formaldehyde correelectrons, to obtain the separate contributions of the different
sponds to the-7* excited state. The situation is illustrated solvation shells to the spectroscopic shift. Starting from the
in Fig. 1. The solvatochromic shift in the absorption is givenhydrogen bonded water, we analyze the contribution of the
by the difference in the transition energies in the gas phasfrst, second, and third solvation shells. The largest calcula-
and in solution; i.e.Av®=wv,— 1. In the fully relaxed ex- tion involves the ensemble average of many guantum me-
cited state the solvatochromic shift in the emission is giverchanical results obtained with the formaldehyde solute sur-
by Ave=v3—v,. rounded by as much as 142 water solvent molecules. This
It is a well-known fact that upon absorption tie=* latter starts with a self-consistent-field intermediate neglect
transition leads to a decrease of the dipole moment and thef differential overlap(INDO) calculation with a properly
solvatochromic shift is to the blue side of the spectrum, in-antisymmetric wave function with 1148 valence electrons.
creasing the transition energy. In the relaxed out-of-plandhe transition energies are obtained next using a singly ex-
geometry the excited state also has a dipole moment that t§ted configuration interactiofCIS). The final result is esti-
smaller than the dipole moment of the ground state in thenated after extrapolation to the bulk limit. Thus, we not only

G. 1. An illustration of the solvatochromic shift in the absorptiadnwg
v1— vp) and the fully relaxed emissiom\@E®=v;—v,).
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investigate how the solvation shells influence the shift but we
also extrapolate our results to obtain our best estimate of the
solvatochromic shift of then< #* emission transition of
formaldehyde in water, compared to the gas phase. The
INDO/CIS method has proven to be a very successful theory
for spectroscopy and spectroscopic sHift€>*?It can be
remarked that the use ab initio theories is prohibitive, not
only because of the computational effort involved in these
large supermolecules, but also because as we analyze the
solvation effects with the size of the supermolecules; the use
of size-extensive methods is imperative. CIS is not only a
simple theoretical model but it also includes several advan- ' . . .
tages. It is size extensive and, as most excited states are 30 100 150 200
dominated by single excitations, it is a favorite model for Interval of configurations (i)
semiempirical theorie¥ This approach has been success- _ _ _
fully used to obtain solvatochromic shifts in an absorptionFIG' 2. Calculated au;ocorrelatlon function of the energy for the excited
. . state of formaldehyde in water and the best exponential fit.
UV-Vis spectrum in both polar and nonpolar solutes and
solvents?®29:53
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During the averaging stage some thermodynamical proper-

I. METHODS OF CALCULATION ties, as the internal energy and the heat capacity at constant
volume, are calculated, and they are in agreement with that
calculated for liquid water. The radial distribution function is

The Monte Carlo(MC) simulation is performed using also calculated during the averaging stage in the simulation.
standard procedures for the Metropolis sampling techrifque After completing the cycle over all 344 molecules, a con-
in the canonical ensemble, where the number of moleculefiguration is generated and separated. Thus, the total number
N, the volumeV, and the temperaturg are fixed. As usual, of configurations generated by the MC simulation is 80 000.
periodic boundary conditions in a cubic Béxare used. In As quantum mechanical calculations will be performed
our simulation, we use one formaldehyde molecule plus 343n the configurations generated by the MC simulation, it is
molecules of water. The volume of the cubic box is deter-important to optimize the statistics. Structures that are statis-
mined by the experimental density of the wates, tically very correlated will not give important additional in-
=0.9966 g/cm at T=25°C. The molecules interact by the formation. Therefore we calculate the autocorrelation func-
Lennard-Jones plus Coulomb potential with three parametefison of the energy®?®3157 For Markovian processes this

for each atomi (¢;, oy, andq;): follows an exponentially decaying functidh>®>°
a b 12 6
o o
w32
| J ij ij

wheree;; = (€;€;) "2 and o; = (oi0j) 2 For the water mol-  wherei is the interval between configurations of the Monte
ecules, we used the SPC potential developed by van Gurgarlo simulation. The correlation step is

sterenet al>® For the excited state of formaldehyde, we used

the geometry and classical parameters of Levgl® In the = wa(i )di.

calculation of the pairwise energy, each molecule interacts 0

with all other molecules within a center of mass separatio
that is smaller than the cutoff radius=10.9 A. For separa-

A. Monte Carlo simulation

1 giq;€?
47T€0 rij

n
: C(i)=2 ce ',
]

"Figure 2 shows the calculated autocorrelation function of the
X ; energy of formaldehyde in the first excited electronic state in
tions larger tharr., we use the long range correction of the  atar " From this and the equation above it can be seen that
potential energy? The initial configuration is generated ran- the correlation step is-200. Therefore, in calculating the

domly, considering the position and the orientation of eachy e raqes we decided to select structures in an interval of 800

molecule. A new configuration is generated after 344 Mcsteps. As the total length of the configurations generated is

steps, i.e., after selecting all molecules sequentially and tryg, ggg(see above the averages are taken over 100 configu-
ing to translate it in all the Cartesian directions and alsorations, with a correlation of only 6%. These 100 configura-

rotate it around a randomly chosen axis. The maximum algiong will be subjected to quantum mechanical supermolecu-
lowed displacement of the molecules is auto-adjusted aftet - culations

17 200 MC steps to give an acceptance rate of new configu-
rations around 50%. The maximum rotation angle is fixed
during the simulation ind6=+15°. The full simulation®
involves a thermalization stage of about 51B¥ MC steps The transition energies are calculated using zho
followed by an averaging stage of 27%20° MC steps. prograni® within the INDO/CIS model, in the supermol-
This is a large simulation by all standards. In terms of com-ecules generated by the Monte Carlo simulations. The quan-
putational effort this would correspond in molecular dynam-tum mechanical calculations are then performed for the su-
ics to a simulation of 400 ps if a time interval of 5 fs is used. permolecular cluster composed of one formaldehyde and all

B. Quantum mechanical calculations
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solvent molecules within a particular solvation shell. Each
water molecule includes eight valence electrons, and the
Hartree—Fock wave function is antisymmetric with respect to
the entire solute—solvent system. Next, CIS calculations are
performed to obtain the transition energies. In the Metropolis
sampling techniqu¥ the configurations are generated with
the appropriate Boltzmann weights. Therefore, the solvato-
chromic shift can be obtained as a simple average over a
chain ofL energy values:

—_
o
T

e
w
T

<AE>='EZ AE,,

.0 2.0 4.0 6.0 8.0 10.0

RDF between O of H,CO and H of H,O
=

where AE is the difference between the calculated energy
transition of formaldehyde in water, using the Monte Carlo r [Angstrom]

supermolecular structures, and isolated formaldehyde. F%G. 3. The pairwise radial distribution function between the oxygen atom
the first, second, or third hydration shells the valueLak of formaldehyde and the hydrogen atom of water.

100, obtained previously from the autocorrelation function.

To check on the stability of the results, calculations were . . .
performed also withL =60, corresponding to 48000 MC slightly. For an excited state geometry obtained withaén

configurationsL =100 corresponds to 80000 MC configu- initio optimization at the CIS/6-3#+G(d,p) level and an

rations. For the hydrogen bonds a specific statistics will b%quivalent Monte Carlo simulation, we obtain 0.52 hydrogen

performed, where we analyze the number of hydrogen bon ond; from the integration of théy_ (r) radial distribution

in each configuration, using both the geometric and energeti hetion. . . .
criteria?>®1%2|n total, nearly 500 quantum mechanical cal- _Ydrogen bonds are better obtained usmgG%eometr_lc and
culations are performed. energetic criteria, as suggested by JorgeR%&h®20ur cri-
teria are that a hydrogen bond is obtained whenever formal-
dehyde and any nearby water molecule satifty_g
<3.35A, ag_oy=34°, and E<—2.0kcal/mol. Thus the

A. Hydrogen bond distance between the oxygen atoms of formaldehyde and wa-
ris less than 3.36 A, the angle formed between the oxygen

are formed between the solute formaldehyde and the solve om of formald_ehyde and the.OH bond of water is less thgn
°, and the binding energy is at least 2.0 kcal/mol. This

water. This influence is usually studied using a Clustet tto b d f obtaining hvd bond
model, with an optimized geometric structure obtained forurns out to be a very good way ot obtaining hydrogeén bonds

the hydrogen bonded solute—solv&t®™ This more ex- M the liquid?>**%2With this, in the 100 MC configurations
actly corresponds to the situation found in jet-cooling experi—We find 73 hydrogen bonds formed between water and

ments and very low temperature. It may thus not Correspongxuted-state formaldehyde. This gives an average of 0.73

' L P bonds, slightly larger than the result obtained upon integra-
to the real disordered situation of the liquid in room temperaleon of the first peak of th&e_(r) radial distribution func-

ture. We should expect that in a simple dimer composed of. | i ith th d state of f ldet¥d
one solute and one solvent molecule, the hydrogen bond i on. In comparison wi € ground state of formalderyde

we find an average of 1.9 hydrogen bonds using the same

stronger than in the situation found in a real liquid, where the . 7 . :
water is not only bound to the solute but also to the Othelgeometrlc and energetic criterium. Thus in the excited state

surrounding water molecules. In the dimer solute—solven]Ehe average number of hydrogen bonds is considerably re-

the influence of the hydrogen bond is exaggerﬁfeiihe duced, by a factor of nearly 3. However, small, there is still
. * .
precise definition of a hydrogen bond is not easy in the re ome hydrogen bonds formed in the- 7~ excited state of

liquid case and definite criterion are necessary to proceed 8rm1|dehydle. ng influencedoI t:ledh]?/drog?rn tﬁonld ?he” tchan
an identification in the configurations generated by thg'OW D€ analyzed in a very cetaiied form. fable 1 gives the

Monte Carlo simulation. The most common. but not neces_statistics obtained for the hydrogen bonds formed. We find

sarily the best, way is by the use of the pairwise radial dis—that 30% of the configurations make no hydrogen bonds, but

tribution function that defines also the solvation shéIBig- 58% of the configurations have one hydrogen bond, 11%

ure 3 shows the radial distribution function between theforms two hydrogen bonds, and 1% form three hydrogen

oxygen of formaldehyde and the hydrogen of water,bonds' In the subsequent quantum mechanical calculations

Go_n(r). As it can be seen, there is a hydrogen bond pealgqese structures can be analyzed separafBable ). As

that starts at around 1.8 A and has a minimum at 2.25 Ashown, the total blue shift contribution of the HB solvation is

o . : : P 189+46 cmi . But those structures with one and two hydro-
Spherical integration of this peak gives a coordination num- . )
P g P 9 en bonds contribute, respectively, to 270 and 273%tm

ber of 0.6; i.e., an average of 0.6 hydrogen-bonded wate?
molecules. As expected, this number is smaller than that o
tained for the ground stat€ We call this the HB solvation,

to separate it from the other solvation shells. If a different ~ We can now analyze the outer shells. Figure 4 shows the
geometry of formaldehyde is used, this number changes onlsadial distribution function between the center of mass of

Ill. RESULTS AND DISCUSSIONS

We first analyze the influence of the hydrogen bonds thaEe

bé. Solvation shells
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TABLE |. Statistics of the hydrogen bonds formed between formaldehydeTABLE II. The variation of the calculated NDO/CIS) shift (in cm™%) of

in the first excited state and water and their contribution to the blue shift ofthe n-7* emission transition of formaldehyde in water with the solvation
the emission transition. Geometric and energetic criteria are used to sort oshells.N is the number of water molecules includéd.is the total number

a hydrogen bondRefs. 29, 61, and §2The first set uses an average of over of valence electrond. is the number of MC structures used for an ensemble
60 configurations; the second set uses an average over 100 configuratiofgerage.

obtained from the Monte Carlo. See the text.

Solvation shell N M L Distance(A) Blue shift
Setl Set2 First 19 164 60 5.15 82270
Number of HB  Occurrence  Shiftcem™) Occurrence  Shiftcm™?) 19 164 100 5.15 85451
Second 50 412 60 7.15 11673
0 3L.7% 0 30.0% 0 50 412 100 7.15 121859
1 61.7% 248:32 58.0% 27634 Third 142 1148 60 10.0 142772
2 5.0% 305-67 11.0% 273 46 142 1148 100 10.0 145163

3 1.6% 234 1.0% 234 Limit Bulk ~1650

Total 100%(50) 172+67 100%(73) 189+ 46

formaldehyde and water. Three solvation shells are dis-

cerned. The first shell starts at 2.8 A, ending at 5.15 A. Thgngeed this is not a limit value with respect to the number of
second ends at 7.15 A and a third solvation extends at arounghvent molecules included. It is important for the future
10.0 A, close to the cutoff radius. Integration of the radialconsideration of solvent effects to realize that polar mol-
distribution function gives a total of 19 and 50 and 142 watergcyles, especially in protic solvents, extends the microscopic
molecules from the solute center of mass up to the limit ofyehavior of the solvent distribution to considerably larger
these three shells, respectively. Again, we can obtain sepgjistances. It has been noted before that a small number of
rately the contribution of each solvation shell. This is of go)yent molecules cannot adequately describe the solvato-
importance because it exposes the long-range effects of & romic shift of the absorption spectrum of formaldehyde in
polar molecule. Table Il thus gives the calculated solvatoy, 4ier24.29.41.43-45.5% ig interesting to mention that the dipole

chromic shift and summarizes the results. The largest Calc%oment of the formaldehyde—water hydrogen bonded com-
lation is composed of the formaldehydg and 142 watelr mo"plex increases by 60%—70%, as compared with formalde-
ecules and gives a calculated blue shift of 1#8Bcm ™.y 4e gj0né* This local increase in the dipole moment leads
For comparison, Table Il also shows the results obtained fofy 5 |arger effect on the solvent distribution of the outer
a simulation that is 40% shorter. As it can be seen that resultS, |y ation shell€* The results of Table Il are summarized in
are stable with respect to the average and the two simulatior]_sig. 5 and suggests that the monotonic behavior of the cal-

give essentially the same result, within the theoretical ermog,ateq energy shift permits an extrapolation of the results to
bar (the statistical deviation It is remarkable that molecules the bulk limit. In doing so we obtain a limiting value of

within a distance of 10 A can still influence the solvation ~1650 cml. This would be our best estimate of the blue
shift. A similar observatioff**has been made in the case of gt of the emission of tha— 7* state of formaldehyde in
the solvation shift in the absorption—#* transition of | ..

formaldehyde in water. This shows that the treatment of po-

lar molecules require the consideration of long-range effects

extending beyond the third solvation shell, in a distance that

is very large. Thus, the results obtained so far can serve as a

lower bound to our best estimate. The analysis of the varia- 2000 T ' . . . .
tion of the shift with the solvation shell§ig. 5 shows that @ Bulk - (b
142 )
—_— - \
"= 1500 -7 - =
' . . . g 50 % \f
©n & \
g 15} 2 * 2
E 2 1000F 19, t N -
2 E 3 AN
E .-g // \\
5 10r g so0f ) 1 N
Q < \
: Eoly \
N,
e < ¥up 3
51 0.5+ o ! 1 i 1 1 ! AY
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= r[A] Ve [A™Y
>4
0.0 ' ' * I FIG. 5. () Calculated blue shift of the« 7* emission of formaldehyde in
00 20 40 6.0 80 100 water, as a function of the solvation shell. Also shown are the number of
r [Angstrom] molecules included in the quantum mechanical calculations. HB is the hy-

drogen bond shell. The others are the first, second, and third solvation shells.
FIG. 4. The pairwise radial distribution function between the center of massSee Figs. 3 and 4b) Linear fitting using an inverse function. Note that both
of formaldehyde and water. (a) and(b) converge to the same extrapolated value.
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TABLE Ill. Summary of the calculated shifts of the-#* transition of 25 . T T T . T -
formaldehyde in water. Refer to Fig. 1 for definitions.
Calculated shiffcm™) 20+ b
V1 v 2200 S| /
Va— sy 1650 g 15 T
Vo— Vg —1270 8
V3— Vg 380 t 10 - .
V= Vs 550 3
3]
S sl 1
C. Solvatochromic shifts 0 L N 1
0 1000 2000 3000 4000

It is of interest to analyze the total solvatochromic shifts
of formaldehyde in water, in the case of absorption and emis- Solvatochromic Shift [cm'l]
sion. The total shifts are shown in Table Ik;—vq is the
separate contribution of the relaxation of the excited stat&!C- 6. Histogram anq Gaussian convqlut_ion of the spectral br_oadening of

. . ey . the calculated blue shift of the— 7* emission of formaldehyde in water.

geometry.v; — vq is the solvation shift in the absorption and
v,—v3 is the Stokes shifti.e., the difference between the
absorption and the emissipm water. hundred quantum mechanical calculations of formaldehyde

The inclusion of a dispersion contribution to solvato- surrounded by 144 water molecules is used to obtain this
chromic shifts in the CIS model has been analyzechistogram. It is then convoluted by a Gaussian function and
recently®>® We have shown that CIS on a supermolecule thashows a width at half-maximum c£1200 cn L. Although
contains only single excitations includes dispersion interacfor convenience we have convoluted the histogram using a
tions between the two subsystems when energy differencegmmetric Gaussian function the spectral broadening due to
are taker?> Our theoretical model presented here includessolvent effects is, in fact, an inhomogeneous broadening.
dispersion interaction, geometry relaxation, and solvent po-
larization. Sachezet al® have also considered the emission
of formaldehyde in water using a continuum model. In their)y, SUMMARY AND CONCLUSIONS
study they have considered both thig, geometry of the . -
ground state and the relaxed geometry of the excited state. Elgorescence spectroscopy is largely used in biology and
They conclude that the geometry relaxation contributes tdnedlcme. Although the fluoregcgnce of gases have been
the shift as much as the solvent polarization. They also ﬂmgneasured, by far the _Iarge majority of fluorescence spectra
that in the emission process the contribution of dispersioﬁ;1re measure_d n SOIUt_'On' Th_e study of solvent effe_cts in the
interaction is an appreciable fraction of the total shift. In SPeciroscopic properties of biomolecules thus reguire an un-

continuum models dispersion interaction may be considereg(:“rSta_ndlrlg _Of the sqlvent effects in fluorescel_ﬁce spectros-
separately® Their final result is=350 cn* for the emission copy, in particular, using water as the natural biological sol-

shift. Ten-no, Hirata, and Kato, have studied the aqueougem' There has been a large number of theoretical

formation of formaldehyde in the first excited state using thghvestigations of solvent effects in the absorption spectros-

reference interaction site mod&land obtained the shift of €OPY: but very few theoretical studies are dedicated to the

600 cmi L. They concluded that geometrical relaxation rathergmissi[ofrl1 process. Itis I:.nO\INn tfh aw*l dtrﬁngiti%ns usuatllz
than the solvent reorganization plays a crucial role for the O not fiuoresce, in particuiar, formaldenyde does hot Tiuo-
esce. The interest in our study is related to the solvent ef-

fluorescence shift relative to the absorption band. Our resu : . .

of vs— vy=380cnT? is obtained by subtracting the geom- ects in emission and the selection of formz_ildehyde for Fhat

etry relaxation of 1270 cit from the solvation shift of the Fturp?seég_ézyzgvgroe’ l?fg t:]o tlhe i e:fftentsn_/e th thet()) retical

relaxed state. The classical analysis made by Letvai 33 of era urd the int i nth N sot.vellw € E?%‘Sflr':h €a .tsodrp—

the fluorescence shift of formaldehyde gives an energy shiffon an € Interesting theoretical analysist the excite
state dynamics of formaldehyde.

of ~1700 cm ! after relaxation of 1.0 ps and using all water : .
In fact, formaldehyde in water forms oligomers, and

molecules within 7.5 A. This classical result is in very good o o
agreement with our Monte Carlo-quantum mechanics resuEVen Fhe solvent shift in the absorpﬂon IS .not well known,
of 1650 cnit. ut th'IS has not precluded theoretical studies of solvent ef-
fects in formaldehyde.
The study of solvent shifts in emission spectroscopy re-
quires the consideration of both the relaxation of the excited
Transition line shapes are broadened by solvent effectstate and the polarization of the solvent that is now equili-
This broadening results from the statistical motion of thebrated with the excited state of the solute. In this study we
liquid around the solute. One of the advantages of the presense the geometry and classical potential of the excited state
treatment of solvent effects is the possibility of calculatingof formaldehyde to perform a Monte Carlo simulation of
the spectral broadening due to the liquid environment. Figuréormaldehyde in water. The structures generated by the clas-
6 shows the calculated bandwidth for the largest supermasical simulation are used in subsequent quantum mechanics
lecular calculations, namely the third solvation shell. One-calculations. A Monte Carlo-quantum mechanics study of

D. Spectral broadening
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