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Uptake of Phenol on Aerosol Particles
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We present a study of the interaction between a phenol molecule and an aerosol particle. The aerosol particle
is represented by a cluster of 128 water molecules. Using a classical approach, we present interaction energy
surfaces for different relative distances and for three orientations of phenol relative to the particle. From the
energy surfaces we find the reaction pathways with the largest interaction between the molecule and the
particle. We use a quantum mechanics/molecular mechanics (QM/MM) method to calculate a potential energy
curve for each reaction path. Coupled cluster methods are used for the part of the system described by quantum
mechanics, while the part described by molecular mechanics is represented by a polarizable force field. We
compare results obtained from the classical approach with the QM/MM results. Furthermore, we use the
QM/MM results to calculate mass accommodation coefficients using a quantum-statistical (QM-ST) model
and show how the mass accommodation coefficient depends on the relative orientation of phenol with respect
to the aerosol particle.

ence the growth and chemical composition of aerosol particles.
The size and composition of aerosol particles is therefore

“An aerosol is a system of particles that are uniformly jmportant knowledge that is needed in order to understand the
distributed in a uniquely divided state through a gas, usually jmpact on climate and human health.

air. In the atmosphere, aerosol particles form condensation nuclei
upon which water vapor condensation begins. Natural and
manmade fires over land and wave action over the oceans ar
the main providers of condensation nuclei.
hygroscopic material, dust, and soil particles that are blown into

The main sources of phenol emission into the atmosphere
are automobile exhaust, industrial processes, and wood burning.
g % missions of phenol have been estimated to be 1900 Tg/year
The mixing of 401 automobile exhaust and 2300 Tglyear from wood burhing.
In the industry, phenol is mainly used for manifaction of

the atmosphere also give rise to condensation nuclei. Generally,loheno”C resins (45%), bisphenol A (25%), and caprolactam
aerosols serve as initiation sites for the condensation or (15%)8 Measurements show that the concentration of phenol
deposition of water vapor. Atmospheric particles influence the i, the ambient environment is considerably higher in urban areas
climate directly and indirectly. The direct impact is on the an in more remote locatiodsStudies in urban areas indicate
radiation balance since particles absorb and scatter solar and, -gncentration of phenol between 1.8 and 13.8 ppBEThe
terrestrial radiatiort. Hydrophilic aerosols can act as cloud formation of phenol in the atmosphere is due to reactions
condensation nuclei and by this indirectly affect cloud formation involving alkylbenzenes in both the gas-phase and the liquid-
processes and cause changes in cloud propérfiéspidemio-  phase. From the reaction between benzene and the hydroxyl
logical studies show a positive association between exposurergdical (OH) phenol is formed in substantial yield. Recent
to particulate matter and adverse health effects. It has been founchytdoor and indoor chamber studies have found that the product
that long-term exposure to particulate matter increases the riskyjeld of phenol from the benzené OH reaction is (53.1:

of cancer and respiratory diseases, whereas short term effect 6)9612 Other studies report phenol yields around 25% using
causes irritation in the bronchitis, asthma and other respiratory yarious techniquet15

diseased4:® Gas-phase molecules in the atmosphere can influ- The degradation of phenol in the gas-phase takes place via

the reaction with OH in the daytime and the reaction with the

" Part of the special issue "Donald G. Truhlar Festschrift”. _nitrate radical (N@) at night!® The reaction of OH with phenol

h a;r;r g@”‘:‘gg;”ki l::uogfspondence should be addressed. E-mail: i, the presence of NChas been studied using FT-IR spectros-
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§DE-mai_I: kongsted@chem.au.dk. reaction products and their molar yields are 1,2-dihydroxyben-
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# E-mail: kmi@theoy}}_k}_kd_dk 2-nitrophenol (5_.8i 1.0%). From the_ N@initiated oxidation
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important products. The formation yields of the products depend curves. Finally, we have used the results from the QM/MM
on the initial conditions, but they are in the range of25 calculation to determine the total mass accommodation coef-
50%1418 The residence time of phenol in the atmosphere due ficient for the process. The results are discussed in section
to reaction with OH and N@has been estimated by Olaliu IV, and section V provides a summary of the main conclu-
for daytime and nighttime scenarios. The residence time in the sions.

daytime due to the reaction with the hydroxyl radical has been

estimated to be 6.4 h. At night, the estimated residence time of ll. Methods

phenol due to reaction with N@s 8.1 min. An additional sink In this section, we present the theory used to describe the
for phenol in the atmosphere is the removal by wet and dry jneraction between the phenol molecule and the aerosol particle.
deposition. In the condensed phase nitration of phenol results|, part A, we describe the QM/MM model and the classical
in nitrophenols. Phenol and nitrophenols have been found in jnieraction model. The QM/MM model divides the system into
clouds, fog, and raif!9-24 Furthermore, phenol and nitrated 1,0 subsystems. The phenol molecule is one subsystem
methylphenols have been found in the secondary organic aerosolascriped with quantum mechanics, and the water particle is
from toluene photooxidatiof?. Heal et al. pointed out that the o gther subsystem described with molecular mechanics. In

atmospheric lifetime of phenol due to uptake by aerosols is a1t B we describe the theory of the model applied to achieve
comparable with the lifetime due to the gas-phase oxidation by the mass accommodation coefficients.

the hydroxyl radicaf® Phenol and espgcially the n_itrophenols A. Classical and QM/MM Interaction Models. The com-
are of concern to the human health since inhalation is known pineq quantum mechanics/molecular mechanics method is based
to cause headache, breathing difficulties, and a rise in body o, 5 partitioning of the total system into several parts treated at
temperature. Concerning 4-nitrophenol, it is known t0 be gitferent levels of theory. For the system of interest in this work,
cytotoxic and mutagenic and is a suspected carciogéfific.  \ve consider a partitioning into two parts, where one part is
Furthermore, nitrophenols are thought to be involved in yeated using a high level quantum mechanical description (QM)
the forest decline experienced in Central Europe and North g the rest is treated at the level of molecular mechanics (MM).
America?? The Hamiltonian of the total system is correspondingly decom-
The mass accommodation coefficient is an important param- posed into three terrfis44
eter for describing the nucleation and growth of aero%bis.
For example, Pandis et #showed that a change of the mass H = Hou + Hommm + Fium 1)
accommodation coefficient for sulfuric acid from 0.02 to 0.05
reduces the calculated concentration of cloud condensationyhere the operatd%lQM is the many-body vacuum Hamiltonian
nuclei in the marine boundary layer by 45%. for the QM system,Hwuw describes the classically treated
To model mass and heat transfer to and from atmospheric molecules and the operatérQM,MM is the interaction Hamil-
particles, it is important to know what happens to a gas molecule tonian between the two subsystems. The quantum mechanical
when it encounters an aerosol partigldn previous studies, expectation value oHgw and Howmm Yyields the QM energy
this has been investigated by use of phenomenological methods(Eqwv) and the interaction energigmmm), respectively, while
scattering models, or microscopic modé83-40 The phenom-  the energy in the MM system is denoted Byy. The QM/
enological methods and scattering methods do not include anyMM energy is further divided into several contributions due to
molecular detail. This indicates that these methods will only (i) electrostatic interactions, (ii) mutual polarization effects, and
be able to differentiate between molecules on the basis of size(iii) short range and dispersion contributions. In the presented
and shape. In general, microscopic models use quantummodel, the classically treated molecules are represented through
mechanics to determine interactions between the molecule andpoint charges (assigned to the nuclei) and molecular dipole
the particle. For this reason, microscopic models typically only polarizabilities assigned to the center-of-ma&g) (of each
include a few molecules to represent the particle. This may not classical molecule. Furthermore, a set of parameters describing
be sufficient for obtaining the bulk properties of the particle. the short range and dispersion effects are included for each
In this study, we investigate the interaction between a phenol classical molecule.
molecule and a water particle. To include molecular detail and  In the optimization of the QM/MM electronic wave function,
a description of the aerosol particle with a substantial amount the point charges are introduced into the Hamiltonian for the
of molecules, we use a quantum mechanics/molecular mechanic&2M molecule, and the corresponding electrostatic energy is
(QM/MM) approach to describe the interaction between a phen0| evaluated USing quantum mechanics. For the polarization of the
molecule and a water particle. Using a classical approach, weclassical molecules by the QM system (and vice versa), we use
calculate interaction energy surfaces for an area located at the2 semiclassical description. Thus, we consider at each center-
center of the water particle for various distances and various 0f-mass of the classical molecules the total electric field
orientations of the phenol molecule relative to the water particle. (E°(Re)), which contains contributions from both the QM
We estimate the main reaction paths for the relative orientationsmolecule, the partial charges of the MM molecules, and the
and use the QM/MM approach to calculate the potential energy field due to the induced dipole momenigl{) of the MM
curves. Finally, we calculate the mass accommodation coef- molecules. These induced dipole moments are in turn related
ficients for each reaction path using a quantum-statistical (QM- t0 E(R.), and in a linear approximation, we have
ST) model.

In section Il, we describe the classical approach, the ﬂ':d = OLEwt(Ra) )
QM/MM method and the theory behind the mass accommoda-
tion coefficient. In section lll, the computational details are The terma is the electric dipole polarizability. Since the induced
described. In section IV, the classical energy surfaces for threedipole moment at centest depends on all the other induced
relative orientations of phenol with respect to the water particle dipole moments in the MM system, an iterative procedure is
are presented. We have used the QM/MM method for each used for their solution. Having determined the induced dipole
minima and for each orientation to calculate potential energy moments we define the Hamiltonian accounting for explicit
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polarization effects as Also, we explore the energy surfaces related to the interaction
A between the phenol molecule and the water cluster by a classical
~pol 1 iNdAQM /5 approach. The classical analogue of the QM/MM energy is
H™ =~ Ea: Ha E(RY) ©) described by
where the termEQV(R,) is the electric field operator at the Eo = Eeer T Epora T Evaw (5)

position of the center of mass of each MM molecule due to the
charges (nuclei and electrons) of the QM molecule. The
polarization Hamiltonian consists of one-electron contributions 94
and may therefore at relatively low cost be introduced directly _ s
into the QM Hamiltonian and thereby directly into the optimiza- elel Z| R — R
tion of the wave function. '
Dispersion and short-range effects are introduced in an gnd
averaged way by including a—6.2 type Lennard-Jones (LJ)
potential in the interaction Hamiltonian. We remark that this £ = _} P EQMch 7
LJ potential is independent of the electronic coordinates and pol.cl 22 ind,a @)
does therefore not enter the optimization conditions of the wave a

function. _ ) The subscripti (s) refers to an atom in the QM (MM) system,
~ For the energy in the MM part of the system we consider p, ._is the classically evaluated analogue to the induced dipole
intramolecular (bonded) and intermolecular (nonbonded) parts. moment andEQM ¢l is the electric field due to phenol. The van

The intermolecular MM/MM energyEvwmmim, is calculated  ger \Waals term is given by the corresponding term in the QM/

where

(6)

according to MM method
1 0. 1A .B. Mass Accommpdation CoefficientA molecule colliqling .
B = — S— //li;dEs(ﬁa) + E\l\ll?l\\;IV/MM with an aerosql particle can attgch to aerosols by_ physisorption
2fee IR— Ry 2& or chemisorption. In physisorption, the molecule is kept on the
(4) aerosol by van der Waals and electrostatic interactions. In

chemisorption, the molecule sticks to the aerosol by forming a
chemical bond. The mass accommodation coefficient is defined
as the probability of the molecule to be physisorbed on the
particle. The recently developed quantum-statistical (QM-ST)
modeP! is used for calculating the mass accommodation
coefficient of phenol colliding with a water aerosol particle.
The QM-ST model is based on statistical mechanics and phase-
space theory and is developed to calculate rate constants for

where & . is the van der Waals MM/MM energy. Fur-
thermore, the ternkE(Ry) is the electric field due to the MM
partial charges. We remark that the induced dipole moments
depend on the QM wave function and thereby the energy term
Emwnm implicitly depends on the QM system. In the optimiza-
tion of the wave function this dependence is included directly.
The QM part of the system is evaluated at the coupled cluster

level O.f theory. This has the ad_van_tage that Fhe important arbitrary bimolecular gas-phase reactiéh% The advantage of
dynamical electrorielectron correlation is included in the results o QM-ST model is that rather few parameters are needed for
for the intergction energies._ Previ_ous investigatiqns have clearly o application of the approach compared to transition state
shown the importance of including the dynamical electfon el molecular reaction dynamics models and reaction path
electron correlation at the coupled cluster level of the/dA. models3455 These include spectroscopic data for the molecule
Our focus is an accurate describtion of the quantum meChanicalimpinging on the aerosol and the potential energy difference
subsystem and that is achieved by a coupled cluster wavey .\ een the reaction and product channels.

function representation of the quantum mechanical subsystem. " 1,a (|assical study of the interactions between phenol and a
For theoretical and implementational aspects, as well as previous"quid water aerosol, presented in section IV, shows that the
applications of the combined coupled cluster/molecular mechan-system has six likely reaction paths. To calculate the mass

ics (CC/MM) met_hod, we refer o refs 43l7. The CC/MM. accommodation coefficienpy, using the QM-ST model all six
method has been implemented at both the coupled cluster single$action paths, denotede{1, 2, 3, 4, 5, §, must be included.

and dO.Ublf'S (_C(,;Slfﬁ a:jng thg‘l Co?ée; lclusiterfstﬁcondg%der The mass accommodation coefficient of e product channel,
approximate singles and doubles (C€2§levels of theory* 6%, can be calculated from

The CC2 model is defined upon arguments from perturbation

theory. Thus, the QM Hamiltonian is written &= F + U, B (E,op o', )=

whereF is the Fock operator and the fluctuation potential. ot ot 7

This partitioning is then introduced into the CCSD optimization ZN(MX’ Eoir J)

equations, and the CC2 model is defined by retaining the singles Jmax = i

equations in their original form but keeping only terms in the Zo (23+1) X
doubles equations which are correct to first order in the J=

NG, B )+ 5 5 N@, By, J)

or! X prx

fluctuation potential counting the singles amplitudes as zeroth
order parameters. The advantage of the CC2 model as compared
to the CCSD description is due to the lower computational
scaling. For CCSD this scaling ¥ whereas the approximations 1
leading to the CC2 model reduces this toldhscaling \ is (_20(2‘] +1) (8)

the number of basis functions). Previously, we have found the -

CC2/MM method to give accurate results as compared to CCSD/

MM for energies and first order properti¢sTherefore, we will

in the following use the computationally less demanding CC2 where Ey is the total energy of the systerar* is used to
model. describe the total number of rotational and vibrational quantum

Jmax



Uptake of Phenol J. Phys. Chem. A, Vol. 110, No. 2, 200663

Figure 1. Relative orientatiorYy of phenol.

numbers of phenol and the particle in charnxeir is used to Figure 2. Relative orientation, of phenol.
describe the total number of rotational and vibrational quantum .
numbers for the initial state] is the total angular momentum i
number Jmaxis the maximum total angular momentum number,

andN¥ = N(or¥, Et, J), (N' = N(or!, Egot, J)) the phase-space 5

of phenol in channel, (i). As described in ref 52 less complete w
distributions can be obtained by assuming a Boltzmann distribu-

over the initial and final ro-vibrational quantum numbers. The
total mass accommodation coefficigmy is calculated as the
average of the mass accommodation coefficients for the 1l
individual product channels. o
Figure 3. Relative orientatior- of phenol.

tion over the initial ro-vibrational states and then summing up . a

Ill. Computational Details . .
TABLE 1: Parameters Used in the Classical and QM/MM

We use the classical approach and the QM/MM method to Calculations

investigate the interaction between a phenol molecule and an  5¢om type Ara(au) Bma (aU) q(au)
atmospheric particle. The vacuum structure of phenol is Wator

optimized at the MP2/cc-pVTZ level of theory using Gauss- o 1.923x 10F 43.17 —0.669
ian9857 Helgaker et al. found that MP2/cc-pVTZ is an attractive H 0 0 0.3345
compromise between accuracy and cost for calculation of Phenol

geometries of molecules containing light atoth3he aerosol C, 2.948% 10° 38.49 —0.2605
particle is represented by a cluster containing 128 water C, 2.948x 10° 38.49 —0.0165
molecules. The geometry of the water cluster is obtained from Cs 2.948x 10° 38.49 0.3157
a molecular dynamics simulation. The simulation is performed Cs 2.948x 10° 38.49 —0.0366
for a box containing 128 water molecules utilizing periodic gs g'gigi ig gg'ig :gigig
boundary conditions together with a spherical cutoff distance Oi 1575 10P 41.31 —0.4399
of 10.0 A. The temperature and the pressure are kept constant Hg 2.364x 10* 2.124 0.0792
using 298 K and 0.103 MPa as external values utilizing a scaling Ho 2.364x 10¢ 2.124 0.0902
procedure. The configuration is obtained as an average of 8000 Hio 2.364x 10 2.124 0.1052
trajectories starting each from different initial velocitRs he Ell %364)( 10 (2)'124 g 'ggég
simulation time for each trajectory is 20 ps. The water cluster Hiz 2 364x 10° 2124 0.1397

is aligned by placing three oxygen atoms in #ygplane. This i )
plane defines the surface of the water particle. The water cluster o:;;‘f:e'r-22ga;ﬁg'r?c’)‘leastg%rsrﬁ:\tﬁaéggrgggﬁ)egnfﬁm (S%F:;'e&‘r;‘é‘;)ﬁ ot al
used in these calculatlo_nS was g_engrated to obtain a descrlptlo he atomic charges, for water have been obtained from Ahlstreet
of the water molecules in a bulk liquid. However, the properties ;e
of the surface may differ for a small cluster and the effect of
cluster size is to be investigated. Previously, we have utilized described by the atomic charges and Lennard-Jones parameters
this approach for representing the classical subsystem andgiven in Table 1. The atomic charges for phenol have been
observed a very close agreement with the results obtained fromderived using the CHelpG procedffeas implemented in
a fully dynamical representati¢f5? Gaussian98 (B3LYP/cc-pVTZ). Furthermore, we constrain the
Three orientations of phenol relative to the surface of the dipole moment to be the ab initio value. The water molecules
water cluster are studied with the classical method. Figurés 1 in the cluster are described by the isotropic polarizabdity:
show the relative orientation¥y, Y1, and Yo. The distance 9.178 af® together with the parameters given in Table 1.
between the molecule and the surface is for orientalpn The two most likely reaction paths for each orientation have
defined as the distance between the atom C1 on phenol and théeen obtained from the classical data. We have located the two
surface of the water particle. For orientatigp the distance is most attractive points on the energy surfaces for each orientation.
defined as the distance between the C2 atom on phenol and théVe have then chosen a point on the energy surface located
surface and finally for orientatiol,, the distance is from the  farthest away from the aerosol particle. The energy surfaces
C4 atom and the surface of the water cluster. We calculate theare located 0.2 A from each other in thairection. We have
classical interaction energy between phenol and the waterchosen the most attractive point on the energy surface 0.2 A
cluster. The energy is calculated for many points ixgplane closer to the aerosol particle within a radius of 0.4 A in kye
of an area 6x 6 A? situated at the center of the water cluster. plane. This procedure has been repeated far. afe repeated
This is done for various distances to the water cluster. The the procedure for a substantial number of starting points at the
resolution in thex-, y-, and zdirections is 0.2 A. Phenol is  energy surface farthest from the aerosol particle. For each
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TABLE 2: Test of the Basis Set Sensitivity Giving Energies
for the Six Minima Employing cc-pVDZ and aug-cc-pVDZ
Basis Sets for the Hydrogen Atoms

energy (kcal/mol)

Falsig et al.

part and the QM part can be difficult to obtain, and it was argued
that the neglect of exchange-repulsion interactions between the
electrons of the QM system and the MM system (as is done in
essentially all QM/MM calculations) can be expected to be

reaction path cc-pvDZ aug-cc-pVDZ important in some cases. For the water dimer described as one
You —11.6723 —11.6827 QM molecule and one MM molecule compared to a full QM
Yo.2 —7.8636 —7.8582 description, it was found that if the water molecule described
Y11 —5.6487 —5.7792 by QM was the proton acceptor rather large errors was obtained.
Y1,2 —4.7989 —4.7696 ; - . .
Y 61511 61140 In contrast, in other studies and also for the water dimer with
yzi —4.2067 —41724 the QM water molecule as the proton donor much smaller

deviations were found. In Table 3, very good agreement between
the two approaches is found for ti¥g structure but deviations
up to a factor two is found fo¥y andYa, illustrating that also

TABLE 3: Test of the Performance of the CC2/MM Method
Compared with CC2 Calculations

orientation Ecco gsse(kcal/mol) Eccamm (kcal/mol) in this study the performance of the QM/MM approach depends
Yo —4.9841 —8.1437 on the nature of the configurations and the relative importance
Yy -1.7261 —1.7562 of the different interactions. To improve on this situation using
Y —1.0280 —0.5932 QM/MM methods, a considerably more advanced Hamiltonian

for the QM/MM interface would need to be developed,

orientation we have chosen the two reaction paths going throughaccounting for exchange-repulsion as well as including other
the most attractive points on the energy surfaces. The QM/MM improvements. Alternatively, some of the nearest water mol-
interaction energy has been calculated for each point along eachecules would have to be included in the QM part. This is
reaction pathway. The QM/MM interaction energy curves for certainly a promising approach for future work since it gives a
the six most likely reactions paths have been obtained. Whenfy|| quantum mechanical description within the problematic
using the QM/MM methods, the phenol molecule is the QM interface region. However, such calculations would be rather
system and the water particle is the MM subsystem. A local jnvolved for phenol, and this approach has therefore not been
version of the Dalton program packageith the CC/MM code pursued in this work.
implemented is used to perform the QM/MM calculations at
the CC2 level of theory®65 For the QM system the basis set V. Results and Discussion
aug-cc-pVD2567is applied for carbon and oxygen atoms and  In part A, we present the results obtained from the classical
cc-pVDZ is applied for the hydrogen atoms. To test the basis study of the interaction between the phenol molecule and the
set sensitivity we have calculated the energy in the minimum aerosol particle. In part B, we present the reaction pathways,
for each of the six most likely reaction paths applying aug-cc- and finally, in part C, we present the mass accommodation
pvDZ for the hydrogen atoms instead of the cc-pVDZ basis coefficients for the reaction pathways and the total mass
set. In Table 2, we compare the energies obtained from usingaccommodation coefficient for the system.
cc-pVDZ and aug-cc-pVDZ on the hydrogen atoms. We find A, The Classical Energy SurfacesThe calculated energy
the energy changes at most 2%. Using the basis aug-cc-pVDZsurfaces for the three relative orientations are presented in
instead of cc-pvVDZ for the hydrogen atoms increases the Figures 4-6. The interaction energy is in kcal/mol. The white
computational cost with 66%. The MM system is described by areas on the surfaces are the locations where the molecule and
the same set of parameters as described for the classicathe water particle repel each other. The colored areas are the
approach. locations where the molecule and the water particle attract each

To test the performance of the QM/MM method we have other. In general the interaction energy depends on the approach
calculated the CC2/MM energy for a system containing phenol of the phenol molecule toward the water particle. For orientation
and a single water molecule. We have compared the result with Yo, we find areas on the surface where the molecule is repelled
the corresponding ab initio result where the system is treated from the surface at all distances. The two most attractive sites
at the CC2 level of theory corrected for the basis-set superposi-at the surface are ak,(y) = (—3.5, 5.2) and atx, y) = (0.4,
tion error (BSSE) by the usual counterpoise correction. For both 3.5) as shown in Figure 4. The interaction energies at these
methods we have employed the aug-cc-pVDZ basis on carbonminima are—6.72 kcal/mol and-3.92 kcal/mol, respectively.
and oxygen atoms and the cc-pVDZ basis set on the hydrogenFor orientationYs, at a distance of 4 A, the interaction energy
atoms as in all the production CC/MM calculations. Three is negative at all points and hence the phenol molecule is
configurations of phenol relative to the water molecule have attracted to the surface. In Figure 5 we find the two most
been considered. The configurations have been obtained basedttractive sites to be located & ) = (1.0, 8.0) and atx, y)
upon the configurations with minimum in energgne for each =(—3.2,4.0). The energies are3.59 kcal/mol and-3.01 kcal/
of the three relative orientations described above. For eachmol, respectively. Energy surfaces for orientatidh are
configuration, we have then removed all water molecules except presented in Figure 6. As for orientatidfnthe phenol molecule
the one closest to the phenol molecule and defined these threds attracted to the water cluster at all points for a distance around
phenol-water complexes as test systems. It should be empha-4 A. The two most attractive points are locatedatyj = (1.2,
sized that the purpose is solely to provide a rough test of the 0.4) and X, y) = (2.8, 2.6) with interaction energies of4.47
methodology. The MM-parameters used in the CC2/MM kcal/mol and—3.43 kcal/mol, respectively.
calculations have not been optimized for this system, and a larger Itis evident that the interaction energy depends on the location
basis set would certainly be required for highly accurate where the molecule approaches and on the orientation of the
calculations on these complexes. The results are presented iimolecule. We find that the orientatiofy, where the OH-group
Table 3. As also discussed in ref 45 the performance of the on phenol is pointing toward the water surface, is the orientation
CC/MM method depends on the type of interaction taking place. where the strongest interaction appears.
In ref 45, it was found in studies on the water dimer that an  B. Reaction Pathways.We have calculated the QM/MM
accurate description of the interface region between the MM interaction energy and the classical energy for each point in
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Figure 5. Classical energy surfaces for orientatign In the first row the distance between the phenol molecule and the surface of the water
particle is 4.0, 3.4, and 3.0 A going from left to right. In the second row 2.4, 2.0, and 1.4 A going from left to right.
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Figure 6. Classical energy surfaces for orientatign In the first row the distance between the phenol molecule and the surface of the water
particle is 5.0, 4.2, and 3.8 A going from left to right. In the second row 3.4, 3.0, and 2.6 A going from left to right.

the reaction pathways. The potential energy curves for path- than for orientatior; andY>. For reaction path¥p; and Yo 2,
way Yo1, Yoz Y11 Y12 Y21, andY,, are presented in Figure the energy obtained using the classical approach is 55% of the
7a—f for both methods. Here pathway,¥ is a pathway for CC/MM energy. In comparison, the classically obtained interac-
orientation Y, and minima numbem. We have used the tion energy at the minimum fo¥;; and Y, are 65% of the
classical data to obtain the reaction path and then calculatedCC/MM energy for both orientations. For reaction pais
the QM/MM energy for each point in the reaction path, which andY, we get 73% and 81%, respectively.
explains why the QM/MM energy curves are not completely  From the CC/MM interaction energies at the minimum
smooth in Figure 7, parts a and f. However, it is evident that presented in Table 4, it is evident that when phenol has
the energy minimum is located at approximately the same orientationY, the absolute interaction energy is highest, 7.9 and
distance to the surface for the classical and the QM/MM method. 11.7 kcal/mol, while orientation¥; and Y, have (about the
Hence the energy surfaces calculated using the classical apsame) interaction energies ranging from 4.2 to 6.1 kcal/mol.
proach provide the necessary information about the location of The shortest distance between an atom in phenol and an atom
the minimum in energy but a somewhat different interaction in the water particle is around 2 A for orientati¥pand between
energy. 2 and 2.5 A for orientatiory; and Y. Analyzing the different

In Table 4, the interaction energy at the minima calculated contributions to the CC/MM interaction energy for orientation
using the classical and the CC/MM approaches are comparedY,, we see that the electrostatic term accounts for 67% for
and the different energy terms are specified. Comparing the reaction pathyp 1 and 73% for reaction patt ». The polariza-
classical and the CC/MM approach we find the difference in tion term accounts for 22% of the CC/MM energy while the
the interaction energy to be more significant for orientatign van der Waals term contributes with-31%. In Figure 8a, the
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Figure 7. Potential energy curves for reaction paf§n, Yoz Y11, Y12 Y21, andYz.. The dashed lines correspond to energies from the classical
calculations. The solid lines correspond to the energies from the QM/MM calculations. Reactiory patid Yy, are presented in parts a and b.
Reaction pathy; 1 andY;, are presented in parts ¢ and d. Reaction pathand Y, are presented in parts e and f.

atomic interactions between phenol and the two nearest waterterm dominates and accounts for 70% of the CC/MM interaction
molecules are presented for orientatiyy. It is clear that the energy, while the van der Waals term contributes with 24%.
main interactions take place between oxygen and hydrogenFor reaction pathy; ,, the van der Waals term dominates and
atoms, with four such interactions within a distance less than 3 accounts for 70%, while the electrostatic term contributes with
A between the interacting atoms. This explains the dominance 23%. The difference in the molecular configuration for the two
of the electrostatic contribution. For reaction path andYi » systems are seen in Figure 8, parts ¢ and d. We see that the
the electrostatic term and the van der Waals term contribute electrostatic dominance fof,; is due to the two interactions
equally to the CC/MM interaction energy. The polarization term between hydrogen and oxygen atoms. The same interaction is
is of minor importance accounting for-5%. In Figure 8b, this observed for orientatioW, » in Figure 8d, but here the interacting

is illustrated for orientatiory; 3, showing both electrostatic and atoms are further apart from each other.

van der Waals interactions. For orientatidf, two rather Analyzing the energy terms gives us more detail on the
different situations appear. For reaction péth, the electrostatic  significant difference in the interaction energy for the classical
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TABLE 4: Energy Minima from the Classical and CC2/MM Approach for Each Reaction Path and the Different Contributions
to the Energy?

reaction path Znmin Epol,cl Eelec,cl Etot,cl EpoI,CC/MM Eelec,CC/MM Evdw EIOI,CCIMM
Yo 1.885 —1.2821 —4.2038 —6.7271 —2.5520 —7.8789 —1.3305 —11.6723
Yo,2 1.859 —0.8842 —3.959 —3.8108 —1.9208 —6.4122 0.4693 —7.8636
Y11 2.165 —0.1003 —0.6420 —3.5893 —0.2886 —2.5131 —2.8470 —5.6487
Yi,2 2.513 —0.0463 —0.5575 —3.0961 —0.0867 —2.0360 —2.4922 —4.6150
Yo 2.487 —0.2471 —2.7762 —4.4744 —0.4021 —4.2978 —1.4511 —6.1511
Ya,2 2.202 —0.1713 —0.3003 —3.4263 —0.2705 —0.9817 —2.9546 —4.2067

aEnergies are given in kcal/mol amg), is the shortest distance in (in A) between one atom on phenol and one atom on a water molecule in the
energy minimum.

(d)
Figure 8. Molecular geometry of phenol and the two water molecules. The water molecules are the two with the shortest distance between the
center of mass (COM) of phenol and the COM og water. The geometry in energy minima for reactidb jiathresented in part a. The geometry
in energy minima for reaction pat¥h ; is presented in part b. The geometry in energy minima for reaction \eats presented in part c. The
geometry in energy minima for reaction path. is presented in part d.

method and the QM/MM method. In general the polarization ~ To estimate what influence errors in the energies have on
term is the minor important contribution. The main difference the total mass accommodation coefficient, we have calculated
in interaction energy is due to the electrostatic contribution. the total mass accommodation coefficient using the energy
C. Mass Accommodation CoefficientFigure 9 presents the  minima of the six reaction paths that are 50% higher or lower.
mass accommodation coefficients as a function of energy andWe stress that 50% is a rather abitrary value chosen to
temperature. The figure shows that only reaction pghsYa 1, investigate the effect. The results are shown together with the
and Y,, have a significant contribution to the total mass total mass accommodation coefficient in the last figure in Figure
accommodation coefficient. At a temperature of 300 K, the 9. We observe that 50% variations in the energy minima give
reaction path¥jp 1, Y11, andYaz 1 contribute approximately 88%,  variations of less thanrt0.1 (about 18%) in the total mass
6%, and 6% to the total mass accommodation coefficient, accommodation coefficient in the entire temperature interval
respectively. The other three channels have negligible influence.from 200 to 300 K.
The reaction patlYy 1is characterized as the reaction path with The temperature dependence of the mass accommodation
the lowest energy minimum among the six reaction paths. The coefficient calculated in Figure 9 has to our knowledge never
mass accommaodation coefficient dependslgsg according to been estimated experimentally or theoretically. However, Heal

eq 8 andJnax depends on the long-range potentialie find et al?® have assumed thapy(T)O= 1 in the analysis of their
that Y» 1 is the reaction path which has the largest long-range experiment. They measured the number of phenol molecules
potential contribution. Therefore, the reaction pathsandY- 1 entering a liquid water droplet relative to the total number of

are the dominant ones. The last figure in Figure 9 shows the molecules colliding with the droplet, and they obtained the result

total mass accommodation coefficient plotted as a function of (2.7 & 0.5) x 1072 at 283 K.

temperature. We observe that the total mass accommodation is It is reasonable to assume that after a molecule is physisorbed
approximately 0.55 in the entire temperature interval. on the surface it can only desorb or cross the inter-facial and



668 J. Phys. Chem. A, Vol. 110, No. 2, 2006 Falsig et al.

YO YO
0.5 < T T T T 0.5 T T T T
N 1 1 1 —— T 1T — —+ — - — —
04F N I | | 0.4 I I 1 |
] N I I I I 1 I
4,03 I \I\ | | 2,03 I I | |
¢ o2l | NG 1 ¢ o2 | I 1 1
. I I ~o ! " I I ! |
1 | | 1 ~ | I 1 1
o ! ! P 0! 1 1 1 1
0.0 1 L 1 0.0 1 1 1 1
0 2 4 6 8 10 200 220 240 260 280 300
E‘ot/(kcol/mol) T/K
Y1 Y1
0.20 T T T T 0.03 T T T =
1 | 1 1 I L —=-T7
0.15F ! ! ! -4 — — - — T I 1 |
I 1+ - 0.02F | | 1 | 3
o0k | " I 1 A I I I I
e | yZ 1 1 g | I 1 1
1~ 1 1 1 0.01F 1 1 1 1 ]
0.05F ¥ | 1 1 ] 1 I 1 1
| | 1 1 1 1 1 1
0.00EZ — 1 I 1 0.00 1 1 ] ]
0 2 4 6 8 10 200 220 240 260 280 300
E‘ol/(kcol/mol) T/K
Y2 Y2
0.20 T T T T 0.03 T T T S =
1 | 1 1 I L —=-T7
0.15F I I 1 - ] . — 1T 1 1 1
N I 1+ - A 002F | | 1 | 3
L ] | 2 1 1 ] L8 I I 1 1
30 0.10 | yZ 1 1 3” | I 1 1
1~ 1 1 1 0.01F 1 1 1 1 E
0.05F _ ¥ | 1 1 . 1 I 1 1
1 1 1 1 1 1 1 1
ooob” o ) ) 0.00 " 1 : r
0 2 4 6 8 10 200 220 240 260 280 300
E‘ot/(kcol/mol) T/K
Tot. Accommodation Coef. Tot. Accommodation Coef.
0.6 T T T 0.6[ ... T T T T
) 1 1 T T T T
1 1 [ N TEEEEREE | EERREERN l CEEEE TP | TR breevennns
A 0.4 1 1 1 1 . A 0.4 1 1 1 1 b
o Lo
M 0.2 | I 1 1 e M 0.2} 1 1 1 1 .
1 1 1 1 1 1 1 1
I I 1 1 1 1 1 1
0.0 1 1 1 1 0.0 1 1 1 1
0 2 4 6 8 10 200 220 240 260 280 300
E‘ot/(kcol/mol) T/K

Figure 9. Mass accommodation coefficient as a functiorEgf and temperature for phenol colliding with a liquid water aerosol. The two upper

figures are the mass accommodation coefficients for reaction pathin the second row we have figures for reaction pathg and the figures

in the third row is for reaction pathg;x. The dashed lines correspond to mass accommodation coefficients for reaction patsdYhe solid

lines to mass accommodation coefficients for reaction paths ¥he lower figures show the total mass accommodation coefficient as a function

of energy and temperature. In the last figure the dashed lines represent the total mass accommodation coefficient when the minima have been varied
50%.

enter the aerosol. In Figure 10, we have plotted the total mass o Tot. Accommodation Coef.
accommodation coefficient at a temperature equal to 283 K vs e : i : :

the desorbtion energ\Eqes together with the experimentally 0 r i ) ) 1
achieved result. We have assumed that all the weakest bounded n 1072} I I I 1
molecules desorb from the aerosol, i.e., molecules with binding S 10-3 . : : : ! 1
energies lower tharEgs We observe that molecules with M I i j i
binding energies less than 5.0 kcal/mol should desorb in order -5 [ I 1 1 1 |
to achieve agreement with the experimental result. :g_sf : : : : i

i 0 4 6 10

V. Conclusion 2 € 4o /kcol/mal) 8

The classical energy surfaces for each orientation show that ] o )
the interaction energy depends on the orientation of the phenoIF'g“re 10. Total mass accommodation coefficient as a function of

Eqes for phenol colliding with a liquid water aerosol dt= 283 K.
molecule and on the approach of the phenol molecule toward Solid line: result obtain in this work, for further explanation see text.

the particle. Both the classical and QM/MM results show that | jght gray line: experimental measurement of the number of molecules
the strongest interaction takes place when phenol has orientatiorentering a liquid water droplet relative to the total number of molecules
Yo. The QM/MM energy calculations give an energy which is colliding with the droplet afr = 283 K2°
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at least 20% different from the classical results. We conclude

J. Phys. Chem. A, Vol. 110, No. 2, 200669

(26) Heal, M. R.; Pilling, M. J.; Titcombe, P. E.; Whitaker, B.

that this difference is mainly due to the difference in the ©Ge0oPNhys. Res. Lett995 22, 3043.

description of the electrostatic term.

The calculated mass accommodation coefficients show that
phenol will only be adsorbed on the aerosol particle when the

molecule collides with the particle at the orientatiorysand

Y,. Clearly, this shows that the OH group has a crucial influence
on the outcome of this process. This is also seen in Figure
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impinging on a liquid water aerosol s 0.55 at temperatures

between 200 and 300 K. Though subject to a significant ggg
uncertainty this result does not seem to support the general

conclusion from Clement et &.that mass accommodation
coefficients in general should not be much less than unity.
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