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Adsorption of Atmospheric Gases at the AirWater Interface. I. NH 3
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Several water-soluble vapors of atmospheric importance adsorb at-tivesa@r interface. This paper supplies

a thermodynamic and kinetic framework for analyzing this phenomenon. As an example, temperature- and
time-dependent surface-tension measurements of aqueous ammonia solutions are used to extract the interfacial
binding energies and evaporation rates. The standard Gibb’s energy of adsorption of vapor-phase ammonia
to the water surface is(19.14 0.5) kJ mof? at 298 K; the saturated coverage is (£8.2) x 10 molecules

cm2. The Gibb's energy of activation for ammonia evaporation from the water surface lies in the range
13-18 kJ mot? at 298 K. Ab initio calculations of the NH-H,O and NH—(H,0), complexes have also

been performed to further understand the nature of the surface-bound species. The experimental and ab initio
results, taken together, suggest that ammonia is bound by a small number (two or three) of water molecules
at the surface; this complex species represents a “critical cluster” which is easily transferred into the bulk
solution.

A. Introduction direct evidence for the existence of an adsorbed S(IV) species
at the air-aqueous interface of S@ontaining solutions. Sulfur

The transport of trace gases across the-aater interface S : : .
) . . . - dioxide is but one example of a small, soluble, inorganic species
plays a crucial role in atmospheric chemistry. Many important G . !
exhibiting such behavior. In future papers we shall discuss

chemical processes take place in the aqueous phase in th%everal others of these; the present work is concerned with
atmosphere, within or upon droplets of water or aéids. ’ P

. e . . ammonia.
Therefore, understanding the specific interactions experienced . . . .
. . . . . The paper is organized as follows. The following two sections
by trace species at the awater interface is of some importance.

Recent work from this laboratohyand elsewhere has shown present a '_[hermodynamic_ and a kingtic framevx{ork, respectively,
that, for some species, a surface-bound or adsorbed state mafqr analyzmg the adsorptloq behavior of VOI"’.‘t"e solutes at the
be f'ormed at this inter%ace Yilr—water interface. In se(_:pon D, the e_xperlmental details of
N . . our measurements of equilibrium- and time-dependent surface
There are only a few studies in the literature of gas adsorption tensions of ammonia solutions are presented. The experimental
onto water surfaces.!* Much of this has described the P : P

; ) Loe results are given in section E, followed by a description of ab
adsorption behavior of vapors of organic liquids onto water. . .. ; . .
. nitio methods used to model the NHwater interface in section
Water acts as a substrate with a low surface energy compare

. - T and by the ab initio results in section G. Section H concludes

to most solid surfaces but higher than most organic liquids. _ . X : .
S : with a general discussion of the nature of ammonia adsorbed
Therefore, vapors of hydrocarbon liquids, small chlorinated . .
; at the airwater interface.

hydrocarbons, ethers, acids, and ketones adsorb to the-water
air surface with standard enthalpies of adsorption similar to their
AH®’s of vaporization. Even relatively insoluble species, such
as CC} and benzene, exhibit this behavior, more commonly ~ To understand the adsorption behavior of a volatile solute,
associated with heavy, long-chain amphiphiles. X, it is necessary to consider its concentration in the gas,

The idea that soluble gases could adsorb onto a waier solution, and surface phases. (For thermodynamic completeness
interface, reducing the surface tension, was advanced in 19280ne should also consider the presence of air. However, its
by O. K. Rice? who measured the surface tensian, vs neglect does not lead to any significant errors under normal
concentration for solutions of ammonia. This idea has received laboratory or atmospheric condition’$.)Denoting water as
comparatively little attention since then. The group of A. D. component 1 and X as 2, it can be shéfthat the surface
King published a series of papers in the mid 1970s which tension,o, is given by
summarize all previous wo®. These workers reported the
effects of pressure (fromy1 to 60 atm) on the surface tension o=1"— Z w’T, 1)
of water using a variety of “inert” pressurizing gases, including i=T-2
CO, and NO. Their results indicate adsorption and eventual
condensation of the gas onto the water surface. wheref? is the surface Helmholtz free energy per unit akka,

In a paper published in 1990, Jayne et°spostulated the x4 is the chemical potential of species the surface phase,
existence of a “chemisorbed” $SGpecies at the airwater wi? = 9f°/al;, andT is the surface excess of componedéfined
interface, based on the kinetics of uptake of,S@io water asTi = n/A. In general, the surface free energy functitm,
droplets. Using a combination of surface second-harmonic depends not only on the chemical potentials of all species in
generation and surface-tension measurements, pravided the surface phase, but also on their chemical potentials in the
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B. Thermodynamics of Volatile Adsorbates
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solution and gas phases. For this reason, the surface phase is w’ = w®’ + RTIn(r, /7°) @)
said to be “nonautonomous”. The dependence comes about ' ' '
physically because of interactions between molecules in the bulks, 40 “ideal gas™-type film. This can be extended to include

phases adj_acent t(_) the interface with those _in the surface phasemonidealities by use of a surface activity coefficient, so that
as well as interactions between molecules in the surface phase

alone.

The surface free energy is thus a function of temperature and
bulk and surface concentrations. The dependence on bulk
concentrations (really, the activities) is expressed in terms of
the form /0824 = 29, wherea?d is the activity of species

1 = w*” + RTIn(y mf7°) (7a)

At phase equilibrium, the chemical potentials are all equél,
= ui° = wi*4and from egs 5 and 6

; . . . e
in solution. The full differential of the surface tensior®is T, = (30/3/«%)1,“;1 = —(a/RT)(d0/0a) 8)
= —dT — du.’ — a0 gq8d — 9da?’
do dr i:Z ZF' s i:Z 26' day i:Z;' day for adsorption of specieisfrom solution.
(2) The free energy for transferring 1 mol of speciefom

solution to the surface (the molar free energy of adsorption) is
At equilibrium among all three phases, the chemical potential

of each component is independent of phase and'thieecome AG,., = wi® — w0 = (> — > +
zero?® Thus, at equilibrium one obtains the common form of o e .
the Gibb’s equation RTIn{ (y;"m/7°)/(a/a°)}
do=—-<dT — Z T, du’ A3) At phase equilibriumAG,4—, = 0 and we obtain
I I
i=T-2
AG® 4., = —RTIN{ (m/7°)/(a/a°)} 9)

Consideration of the phase rule for a planar interface leads
to the conclusion that one cannot vary each of the four variablesfor an ideal-gas film and, in general,
in the above expression independenilycannot be measured
simply asT’i = (do/oui)r,,. What is actually measured are the AG°
relative adsorptions antelative surface entropieg;;; and €)1,
respectively. The adsorption of component i relative to com- This can be related to adsorption onto the surface from the vapor
ponent 1 (the solvent, water, in this case) is defined to be phase by transforming the solution activities to equilibrium vapor
pressures via the Henry’s Law constality: pi/p°® = (ai/a°)/
F=T-T{@E"-a%a“-a% (4  Kusothat

aq-o = ~RTI{(y min)(afa)}e,  (99)

This quantity is not only thermodynamically correct, but has AG° ., = — RTIN{(y"m/7°)(p/P°)} eq (10)

the advantage that it is independent of the choice of dividing

surface. It is straightforward then to show tliaj is equivalent A plot of RT In{ (yi°mi/z°)/(pi/p°)} eq VS (pi/p°) extrapolated to
to I'; determined at the surface whefe = 0.16 The relative zero pressure will yield the “ideal gas” value &AG°—,. Over

surface coverage is then given by a reasonable temperature range, the entropy and enthalpy of
adsorption may be considered constant and can be calculated
r;= (Z)o/é),ui)nszl 5) from the T-dependence oAG® determined above as

The chemical potentials for species the bulk phases are AS = —(0AG°/3T) andAH® = (9AG®/T)/9(1/T) (11)

C. Adsorption Kinetics of Volatile Solutes
u® = "9+ RTIn(p, /p°) P _
We will model the gassurface-solution system as the
wi2= %+ RTIn(a/a°) (6) species X which can exist in either of the bulk phases and can
also occupy vacant surface sit&s, X234+ X = X9 = X9 + 3,

wherep® anda® are the standard pressure (1 atm) and standard This gives rise to the equations

activity (1 mol kg'1), respectively. The activitya;, is given by

a = y; m, where they; are concentration-dependent activity (d/dt)[X*] = — 1[Xaq][Z] + k_,[X“]

coefficients andm represents the solute concentration in mol

kg~™. In eq 6 we have assumed ideal gas behavior of the vapor. (A/d)[X] = kj[X aOﬂ[Z] —k_4[XT + kz[xg][X] -

For the surface phase, we use the standard state proposed by K_,[X]
Kemball and Rideal” By analogy to the gas-phase standard 2
state, these authors argued that the standard state of an adsorbed = (KX + K[ X z] — (k_, +k_[X]

film is a film with the same number density as would be present

in an ideal gas at 1 atm in a container of thickness 6 A. This (d/dt) [Z] = — (d/dt)[X“]

amounts to setting a temperature-dependent area per molecule,

in direct analogy to the temperature-dependent molar volume (d/dt)[X?] = — 2[Xg][z] + k_,[X] (12)

of an ideal gas. In terms of film pressure,defined ast = o*

— o, whereo* is the surface tension of the pure solvent, the  The total concentration of surface adsorption sitedl is-

standard state ig° = 0.06084 dyne cm. This is independent  [X] + [X], and so the relative coverag®,= [X°]/N and [X’]

of temperature, just as is the gas-phase standard state. = N@; [Z] = (1 — ©)N. In terms of® we obtain for the time
Hence, for the surface phase we have dependence of the coverage
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(d/d)O = —(k_, + k_, + KX + k[XO + surface tension using eq 8 to obtdinx(t) and settingd(t) =
a 5 [ x(t)/T58 x, whereIs®, x is the relative surface excess of X
ky[X*Y + K,[X ] (13) at saturation of the surface.
. . The second limit will be approached when the time depen-
In general, both [X] and [X] are time dependent, making &  gence of the surface coverage is determined by the population

straightforward solution fo®(t) difficult. of the surface phase from the solution phase. This implies that
At equilibrium among all phases, (dj@ = 0 and so evaporation is facile compared to transport of X from the bulk
X + kX solution to the interface, suggesting that an energetic barrier
— il X7 (14) exists along the reaction pathway for X proceeding from solution
ed Koy 4+ Koy + k[ X2 + Kk [X9] phase to the surface phase. Here we may no longer assume the
€ terms in eq 2 to be zero, since there is no equilibrium between
Since at equilibrium, [X9 = Ky[X9], we can write the surface and solution phases. In this case, surface-tension
measurements do not directly yield the surface coverage.
(k, + KH_lkz)[Xaq] However, if thee; terms are assumed to be very small, the

coverage is predicted to decay to some steady-state value (after

®eq = =1 a =
(koy + ko) + (kg + Ky )X some induction time) which depends on the solution concentra-

X3 tion
(k_q+ [k )qJ (15)
‘1—‘12 + X% B ky[X*
(k, + Ky, ') Oss="—1 (20)
K [X%) + k., + ko,
which is cast in the form of a Langmuir adsorption isoth&rm .
which reduces to
X2 ,
LS (16) O~ KX (20a)
b+ X%
if ki[X23 < (k-1 + k—2). Since we are assuming a vapor-phase
where concentration of zero, this requires that® ~ 0, which is
K . +k probably reasonable for low ionic strength solutions. When this
-1 2 (17) is the case, measurements of the time dependence of the surface
k, + KH’lk2 tension can distinguish between the two possibilities for rate-

determining behavior. If a barrier exists on the reaction pathway
If the solute is nonvolatile so the vapesurface equilibrium between the adsorbed and the fully solvated states, we expect
can be ignoredp is simply the inverse of the adsorption to measure a steady state in surface coverage. When there is no
equilibrium constant from solution such barrier and evaporation from the surface is rate-determin-
ing, the rate constant for evaporatidn,, may be determined.
(K™Y =k _y/k (18)
D. Experimental Methods
Similarly, for insoluble adsorbate®, is related to the gas
surface equilibrium constant. However, when all three phases
are importantb is as given in eq 17. Under these conditions, it
is thetotal flux to and from the interface, from the gas phase
and from the solution phase, which determines the equilibrium
surface coverage. Care should therefore be taken to include th
flux from solution when applying arguments of detailed balance
to estimate the surface coverage of atmospheric droplets.
If the system is not at true equilibrium but consists of an
aqueous solution of X which is open to the atmosphere, X will "~ . .
i using this technique.
evaporate from the surface and leave the system. If this is the . .
case, the gas-phase concentration remains negligible so adsorp- The time dependenc_e of the s_urface tension was measured
y using the DuNouy tensiometer with a Pt ring of diameter 17.7

tion from the vapor phase may safely be neglected. Under these .
i ; i e mm. These measurements were made at room temperature in
conditions, eq 13 can be approximated in two limits. If the rate

of evaporation is small and rate-determining in the time an open container placed in a fume hood. This arrangement

dependence of the coverage, the solution and surface phaseguowed vapor-phase ammonia to be removed from the 3-phase

e : System as it was formed. The time dependence of the pH for
are close to equilibrium and we may approximate dhterms several of these solutions was measured at the same time to
in eq 2 to be zero. Theku/k—; ~ K34 so [X? ] = KoaqXad-

[3] and therefore®/(1 — ©) = KoaqXaq. The resulting monitor thg time dependence _of the bulk [BJHThe bulk
. . . concentration was also determined before and after each run
expression for the time dependence of the coverage is o . . -
by titration against a standardized HCI solution.
~ 0,800y a 0,800y a Solutions were prepared volumetrically from a stock 30 wt
(d/d)® kKXY + KXY (19) % ammonia solution. The actual NHoncentrations were

This suggests that if the assumptions given above hold and thedetermined by titration against a standardized HCI solution.

bulk concentration does not change over the course of the
experiment©(t) is a simple linear function of time. Since we
have approximated thg terms in eq 2 to be zero in this case, (i) Ammonium Hydroxide Solutions. In aqueous solution,
O(t) may be derived from measurements of the time-dependentammonia is hydrolyzed to ammonium hydroxide N H,O

Static surface tensions of aqueous ammonia solutions were
measured using both a DuNouy tensiometer and the capillary
rise method? The capillary rise method yields the surface
tension when an equilibrium between vapor, solution, and
surface phases exists. A capillary with an inner diameter of

.0392 cm was used in a sealed vessel of diameter 2.8 cm.
Measurements were performed in a commercial recirculating
water bath with a stated temperature stability4d.2 K. The
equilibrium surface tensions were measured at 278 and 298 K

E. Experimental Results
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Figure 2. Ammonia surface excess at 298 K as a function of ammonia

Figure 1. Surface tension at 298 K as a function of ammonia activity, solution activity. The line shows a fit of the data to a Langmuir

calculated as described in the text. Results from Ri@¢, CRC? (a), adsorption isotherm. The symbols are as given in Figure 1.
and present workil{) are shown. The line is a third-order polynomial
fit to the data. 21000 —

TABLE 1: Parameters? Used To Calculate Ammonia
Activity and Vapor Pressure

YNHs = €Xp(2nn, 4), whered = 0.033161— 21.12816T +
4665.1461T?
In Ky = —8.09694+ 3917.507T — 0.00314

aFrom ref 21.

20000

19000

= NH4" + OH~ with an equilibrium consta#t (at 298 K) of 18000 ~

1.774 x 1075 This is small enough that under all of the
experimental conditions here, [N(@q)] + [NH4"(aq)] ~ [NH3-
(aq)]. (The least concentrated solutions of interest here have
Mk, &~ 0.5 mol kgt and [NH;T)/[NH3] ~ 10°2)) The activity
coefficient of the neutral NKE is both temperature- and

17000

-RT In{(x/n% / (p/p%)} /T K mol”

concentration-dependent, however, and so the actiafy, = 16000

YNHsMNH;, Must be calculated for each concentration and

temperature used. Clegg and Brimblecofh@ovide param- 15000

eters for evaluatin as a function o andT over the ' ! ! ' !
Inris Mg 0.00 0.05 0.10 0.15 0.20 025

concentration and temperature ranges employed here. These ar
reproduced in Table 1. , p (NH3)/ atm

At equilibrium, the vapor pressure of ammonia is related to Figure 3. Plots of eq 10 to extrachAG® for adsorption of ammonia
its solution activity by the Henry’s Law constarit,. We use from the gas phase onto the water surface. Data for 27®Xafd
the value foiKy and its temperature dependence given by Clegg 298 K (@) are shown. The lines are fits of the data to linear functions
and Brimblecomb@! Table 1 includes the Henry's Law ©f @mmonia pressure.

constants used in the present work. - _

(i) Equilibrium Surface-Tension Measurements.In a paper rl’NH3 (aNH3/RD(aa/8aNH3)T
in 1928, O. K. Ricéreported the surface-tension depression of Figure 2 shows a plot of the relative surface adsorption of
aqueous solutions of ammonia as a function of the wt % ammonia as a function of its activity in solution. Fitting this to
ammonia at 298 K. The concentrations given there were g Langmuir isotherm, as in eq 15,
converted to molality units, and the activity coefficients were
evaluated using the parameters given in Table 1. This allows 0= I“lv,\,,_%/l“satl’NHa = ayy/(ayn, T b)
calculation of the equilibrium partial pressure of NBEbove
the solution as well, via the Henry’s Law constant. Figure 1 we obtain the saturated coverage td5& yn, = (1.194+ 0.05)
displays the surface tension of ammonia solutions as a function x 10 molecules cm? and the value ob in eq 17 to be 1.43
of the solution-phase activity. Data from Ritghe CRC + 0.22 m. We estimate the true uncertainty[ ¥4 nw, to be of
Handbook?2 and our present 298 K results are included. The the order of 20%, based upon the different values obtained using
data are fit to a third-order polynomial function. Other types of different functions to fit the data shown in Figure 1.
functions may be used and give comparable fits to the data. Figure 3 shows plots oRT In{ (y°znn4/7°)/ (PNHS/P®)} eq VS
I'1nH, IS then given by eq 8 the equilibrium vapor pressure of ammonia (as suggested by
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Figure 4. Surface tension as a function of time for uncovered ammonia Figure 5. Ammonia surface coverage as a function of its surface
solutions at 298 K. Several initial bulk concentrations are shown. The pressure. See text for details.
lines are present merely to guide the eye.

® 2'm
eq 10) at two temperatures. The 298 K data include the results 1= B 6lm
of Rice/ those reported in CR&, and our own experimental A 120m

v v 199m

values. The 278 K data are those measured in the present study. 1.0
There is some pressure dependencAGi calculated this way,
which reflects the pressure dependence of the surface activity
coefficient. (This comes from the vapor pressure dependence
of the surface coverage and, hence, the surface pressure.) g
Extrapolating the curves tp = 0, we obtain a value for the
standard free energy of adsorption from the gas phase to be
—(19.14 0.5) kJ mot? at 298 K and—(20.64-0.5) kJ mot?
at 278 K. These values yield a calculated entropy of adsorption
from the gas phase of(75 & 50) J K"'mol~ and a calculated
enthalpy of adsorption from the gas phase-d#1 + 5) kJ
molL.

(iii) Time-Dependent Surface-Tension Measurementsthe
time dependence of the surface tension of several concentrations 0.2
of ammonia solution, measured in an open container at room
temperature, is illustrated in Figure 4. Solutions at all concentra-
tions show a monotonic increase in the surface tension with g9 -
time, from an initial value very close to the equilibrium surface 0 300 600 900 1200 1500 1800 2100 2400 2700 3000
tension to a value appropriate for water after several hours. Since .

. . . . Time (s)

adsorption of surface-active contaminants would necessarily
decrease the surface tension, the observed increase is interpretgdgure 6. Ammonia surface coverage as a function of time. Symbols
as being due to the loss of ammonia from the interface. This &€ the same as those for Figure 4. The lines show linear fits to the
behavior suggests that the surface coverage of tives not decays.
achieve a steady state, as predicted by eq 20, and so the quasthat the assumption of constant bulk concentration is valid, the
equilibrium assumptions used to derive eq 19 could be valid solution pH was monitored over the course of the experiment
under the present conditions. In this case, the surface tensiorfor several of the solutions. In addition, the [MHwas
can be related to a surface coverage, via the fitting functions determined before and after the experiment by titration. Over
shown in Figures 1 and 2. For convenience, the surface tensionthe course of a 1-h measurement, the bulk concentration
is transformed to a surface pressutea plot of © = ['/T'S3vs decreases by less than 20%, as determined by both these
o is displayed in Figure 5, with a fourth-order polynomial fit methods.
(for interpolation) also shown. Using this function, the surface  If we approximateK®2d ~ 1/b from eq 18, then the results
tension vs time data may be transformed into surface coveragedisplayed in Figure 2 giv&?24~ 0.70. Multiplying the slopes
vs time. Figure 6 illustrates several representa@ves time of the coverage vs time plots shown in Figure 6 by a factor of
plots obtained using this procedure. —(1 + Keaqxady/Keaqxaq yields values ok_,, as long as eq

This plot shows a linear dependence of the relative surface 19 holds. There is a slight decrease in khe extracted in this
coverage on time for all concentrations, as implied by eq 19 way as the bulk concentration increases. At lower bulk
above. In total, five concentrations with solution activities below concentrations, corresponding to lower initial surface coverages,
12 m and five with activities 1528 m were used. To ensure  k_, decreases from about-3 10'° s~1 when the solution phase

Relative surface covera

0.1 H
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activity of ammonia is £2 molal, to about one-half that value
at solution activities of~15 molal. At the higher concentrations, *&"
with solution-phase activities greater than approximately 15

molal, thek_, values lie in the range (48) x 10° s™L.

Assuming that the evaporation rate constant is given by the
transition-state theory expression H4

kK .= E g AGH(keT)
27 h H5
Figure 7. Structure of the Ng—H,O complex, calculated ab initio.
wherekg andh represent Boltzmann’s and Planck’s constants, Geometric parameters are given in Table 2. Note that this and the
respectively, we obtain an activation free energy for evaporation structure illustrated in Figure 8 are projections of the full three-
of ammonia from the surfaceAG* = 13—15 kJ mot? from dimensional structures. The full structural parameters of each complex
the rates measured using the lower solution concentrations ancf"® available from the author on request.
+ _ 16— 1 i i

AG* = 16—18 kJ mof? for the higher bulk concentrations. TABLE 2: Geometry of the NHz—H;O Complext

K ! r(N—Hy-3) = 1.013 A O(H—-N—H) = 106°
F. Ab Initio Studies o) = 1013
(i) Defining the Problem. To gain some understanding of r(N—0)=2.961 A O(N—H,—0) =175
the molecular-level forces responsible for the adsorption of NH r(O—Hs) =0.972 A
r(O_HS) =0.960 A D(HS_O_H4) =104

at the air-water interface, we performed ab initio calculations
to obtain structural and energetic parameters of the species 2Numbering on H atoms from Figure 7.
expected to be important. A strong hydrogen bond is formed
between ammonia and water. A priori, then, we anticipate that
the binding of ammonia to the water surface occurs via hydrogen

TABLE 3: Calculated (Experimental)2 Rotational and
Vibrational Constants for NH 3 + H,O — (NH3—H»0)

bonding to the fraction of water molecules with “dangling~@& NHs H2:0 (NHs—H20)
bonds at the interface. The simplest model for such binding is Rotational Constants (crf)
the water-ammonia dimer, Ng—H,O. Because inductive or A 9.926 (9.944) 26.78 (27.88) 4.935 (4.927)
cooperative effects may also occur in hydrogen bonding, B 9.882(9.944) 14.62 (14.51) 0.208 (0.206)
; . ; c 6.398 (6.196) 9.46 (9.28) 0.202 (0.204)

especially when a cyclic species may be forrfade performed T ]
calculations on the Ng+(H20), complex as well. Since the 35%?('32 4"3*";“”‘0”'0 Vé%?g?gggg;eq“enc'gggg’ﬁgSl 4
concentration of dangling ©H bonds at the interface is not 3358 (3337) 3806 (3756) 3360: 3758
large, these two models are expected to capture most of the 1627 (1627) 1585 (1595) 1640, 1623; 1615
important features of the binding to the surface. 1059 (968) 1091

(i) Ab Initio Methods. Al calculations were performed using 664 (662)
the GAUSSIAN 94W suite of progran#éon a Pentium Il based 429 (411)
computer. The basis sets used were the standard split-valence igg ggég
sets available in the program suite. Geometry optimizations of 149
all species were carried out at the MP2 level using the 6-31G- 25 (19)

(d,p) basis set. The energetics of the ;\\H H,O — NH3— a
. Constants f lecules fi Herzbé; lex f f
H20 and the 2HO — (H2O). reactions were calculated at the 55 onstants for molecules from Herzbeérgior complex from re

MP4(SDTQ)/6-31#+G(3df,2pd) level; for the NBI+ (H20),
— NHs—(H0), reaction, energies were calculated at the MP4- i ing energy of the complex is then calculated to be, for
(SDTQ)/6-31%G(2d,p) level. o example in the Ni—H,0 case AE = E(NHa—H,0) — E(NHz)

At all the calculated stationary points, vibrational frequency _ E(H.0) — BSSE, — BSSEy0.

H 3 2

calculations were performed to ensure that these were true
minima. These determinations were done at the MRZ/G-SlG- G. Ab Initio Results
(d,p) level by analytical calculation of the harmonic force
constants at the stationary point. Since calculations of this type (i) The Reaction NHz + H,O — NH3—H,O. The (NH:—
typically overestimate the harmonic force constants, the calcu- HO) complex has been studied both experimentally, by
lated harmonic frequencies were corrected by the factor microwave and far-infrared spectroscdfys! and theoretically,
0.9427% by ab initio calculationg?32 It is bound by a hydrogen bond

The basis-set superposition errors (BS8E)the calculations ~ between an H atom of the water moiety and the lone pair on
involving complexes were estimated using the full counterpoise the N atom of ammonia. The vibrationally averaged-®
correction?” At the optimum geometry of each complex, the distance is determined to be 2.98 A from the microwave¥ata
total energy was calculated using “ghost” orbitals on each and 2.93-3.05 A by ab initio calculatiod? depending on the
partner in the complex in turn. The difference between this level of calculation used. The hydrogen bond is somewhat
energy and the energy of the isolated species gives the artificialnonlinear, with an NHO bond angle estimated to~b&0° by
lowering of the energy by the presence of the basis functions experiment’ and about 56° by calculation:?
on the other partner. For example, the water nuclear charges The optimized geometry found in the present calculation, at
are set to zero in the NHH,O complex and the energy the MP2/6-61G(d,p) level, is given in Table 2 and illustrated
calculated; the result gives the lowering of the ammonia energy in Figure 7. Table 3 gives our calculated rotational and
by the presence of the basis functions on water. This energy,vibrational frequencies for the reagents and the complex, also
labeledE(NH3(H,0)9"), is subtracted fronE(NHs) to give the at the MP2/6-31G(d,p) level. The agreement with experiment
BSSE estimate for ammonia in the complex, BRSE The and with previous calculatiofs34 is very good.
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TABLE 4: Energetics for NH3; + H,O — NH3—HO
MP4SDTQ/ MP4SDTQ/ QCISD(T)/

6-31L-G-  6-311++G- 6-311++G- @
(2d,p) (3df2pd)  (3df,2pd)
H,0? —76.30250 —76.33772 —76.33672
NHz2 —56.44629 —56.47648 —56.47627
NH;—H,0? —132.75978 —132.82475 —132.82346 H4 02
(NHg)9h—H,02 —76.30304 —76.33809
NH3z—(H,O)eh 2 —56.44753 —56.47706
AEP —28.83 —27.70 —27.50 ' ]
BSSE +4.65 +2.47 HS o1 H6 H7
AE (BSSE corrected) 2419 _o504 Figure 8. Structure of the Nt (H.0), complex, calculated ab initio.
zero-point correctioh ' ' Geometric parameters are given in Table 5.
+8.83 +8.83 .
AE, P —15.48 —16.32 TABLE 5: Geometry of the NH3;—(H,0), Complex®
. o o r(N—H;3) =1.012 A O(H-N—H) =107
Energies in Hartree$.Energies in kJ mott. r(N—H,) = 1.888 A
) r(N—0;) = 2.816 A O(N—H,—0y) = 181°
The energies of the complex and the reagents as well as the r(0O;—Hq) = 0.983 A
counterpoise correction were calculated at the MP4 level using r(O1—Hs) = 0.962 A O(Hs—O—H,) = 105
both a 6-31%+G(2d,p) and the large 6-33HG(3df,2pd) basis r(N—0O,) = 3.036 A

) e ; r(0:—0;) = 3.079 A
set at the MP2/6-61G(d,p) optimized geometries. The reagent r(Oi—Hs) —1880A

and complex energies (but not the counterpoise correction) were r(O2—Hs) = 0.962 A

also calculated at the QCISD(T)/6-3t+G(3df,2pd)//MP2/6- r(O2—Hg) = 0.975 A O(He—O0z—H7) = 104°
31G(d,p) level. The results of these calculations and the derived r(O,—H;) =0.961 A
thermochemistries are shown in Table 4. a Numbering on H atoms from Figure 8.

The total calculated binding energy for the complex (not
BSSE-corrected) is essentially the same at the MP4 and QCISD-TABLE 6: Calculated Rotational and Vibrational Constants
(T) levels using the large basis set, suggesting that the MP4for (H20), and NH;—(H:0),

energetics given here reflect most or all of the correlation effects (H20)2 NHs-(H20),

in the binding. As expected, the BSSE calculated at the MP4 Rotational Constants (cTh)

level is significantly larger for the smaller basis set than forthe 7.49 0.236

larger one. However, the total binding energy is also calculated B 0.212 0.195

to be larger; the result is that the BSSE-corrected binding energy  C 0.212 0.111

at the MP4 level is essentially the same for the two basis sets. Scaled Harmonic Vibrational Frequencies (éjn
Taking a BSSE- and ZPE-corrected binding energhB§° 3773; 3752 3746; 3736; 3506

= —16.3 kJ mot? and the rotational and vibrational frequencies 3641; 3572 3491; 3465; 3349; 3310

listed in Table 3, partition functions may be calculated for the 1564; 1544 lllg‘rés; 1640; 1629, 1612

reagents and complex. This allows calculation of the equilibrium 638: 351: 191 921: 698; 481: 437

constant for formation of the dimer as well as the standard free 169; 161; 136 386; 272; 231; 217

energy, enthalpy, and entropy of its formation from water and 203; 197; 161; 149

ammonia. We findAH® = —18.4 kJ mot! andAS’ = —91 J

K~ mol™%, giving a 270 K value forAG® of +6.2 kJ mot? The calculated value @9 using the parameters in Table 5 is

andK(270)= 0.063 (atnT?). This suggests that the 1:1 complex 200.9 J K'* mol™?, yielding a calculated adsorption entropy
may play some role in the atmospheric chemistry ofsNH  of~0 J K™* mol~. The calculated\G°,4sbecomes ca-18 kJ
especially under very humid conditions. mol~1.

To estimate the thermochemistry of binding to a water (i) The Reaction NHz + (H20), — NH3—(H20),. The
surface, we také\H° to be the same as that for 1:1 complex NH3z—(H20), complex has not, to our knowledge, been reported
formation and calculate the entropy of adsorption to the surface. previously, either experimentally or theoretically. The geometry,
Following Adamsorig we estimate the adsorption entropy as optimized at the MP2/6-31G(d,p) level, is given in Table 5 and
AS ads= (S %config T S %rans,2b + S intema) — S™9, where the illustrated in Figure 8. This is, of course, one of several potential
terms in the parentheses represent the configurational, translaminima on the full NH—(H,0), potential energy hypersurface.
tional, and internal contributions to the entropy of the adsorbed We believe it to be the global minimum of this system. The
species, respectively, and the standard entropy of gas-phaseotational and vibrational constants of the reagents and the
ammonia is designate®t 9. The standard configurational entropy complex are listed in Table 6. Energetics calculated at the MP4/
is given by S conig= —R IN(O@°/(1 — ©°)) and the standard  6-3114+-G(2d,p)//MP2/6-31G(d,p) level for the reactions ZH
translational entropy is that of a particle in a 2-D box having — (H20), and NH; + (H20), — NH3—(H,0), are given in
the same area as that occupied by the adsorbed species in it¥able 7. At the MP4/6-31t+G(3df,2pd)//MP2/6-31G(d,p)
standard state. Recalling that we have chosen the standard statievel, the BSSE- and ZPE-corrected binding energy for the water
to haver® = 0.06084 dyne cmt (and, correspondingly, an area dimer is—12.2 kJ mot?, in good agreement with calculations
per molecule of 22.53 A,17 we obtain from the fit in Figure 5 and experimental estimatés.
©° ~ 0.01, S0S™¢onig = 38.3 J K1 mol™ and S*%ans 2 0 = The BSSE- and ZPE-corrected binding energy of;Nithe
104.9 J K! mol~. We estimate the standard internal entropy water dimer is calculated to be24.9 kJ mot'. The total
of the adsorbed species as the difference between the vibrationainteraction energy was determined to be equal to the sum of
entropy of the 1:1 complex and the vibrational entropy of water. the three two-body interactions between the complex partners.
This procedure gives a value of 58.2 3%mol™! for S*%nemar We conclude that the binding is due to the formation of two
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TABLE 7: Energetics for 2H,0 — (H,0), and NH3 +
(H20)2 - NH3_(H20)2

MP4SDTQ/ MP4SDTQ/

6-311+G(2d,p)  6-311++G(3df,2pd)
H,0? —76.30250 —76.33772
NH3? —56.44629 —56.47648
(H20)2 —152.61424 —152.68369
NHz—(H0)2 —209.07703
(H0)9"—H,02 —76.30393 —76.33827
H,O—(H,0)n 2 —76.30250 —76.33801
(NH3)9—(H.0).? —152.61403
NH3—(H,0)9 2 —56.44787

2H20_> (H20)2
AEP —24.26 —21.66
BSSE +3.7 +1.44
AE(BSSE corrected) —20.56 —20.22
zero-point correctioh +8.29 +8.29
AE° P —12.27 —11.93

NH3 + (H20)2 - NH3_(HZO)2

AEP —43.35
BSSE +4.18
AE(BSSE corrected) —39.17
zero-point correctioh +14.23
AE° P —24.94

2 Energies in Hartree$.Energies in kJ mott.

TABLE 8: Summary of Thermochemistry at 298 K

Experimental Results
AHsoin= —34.0 kJ mot? AH3¢s= —(41+ 5) kJ mof?
AS;on=—80J K mol* AS°ags= —(75+ 50) I Kt mol*
AGson= —10.2 kJ mot? AG°a3s= —(19.1+ 0.5) kJ mot?
AG*eyap= +(13 — 18) kJ mof?t

ab Initio Results

1:1 complex
AH®,¢4s= —18.4 kJ mot*
ASags= ~0 J K1 mol™*
AG®z9s= —18 kJ mot?

1:2 complex

AH®34s= —29.8 kJ moi?
AS4s= —33.7 J K1 molt
AG®as= —19.8 kJ mot?

hydrogen bonds and that contributions from cooperative effects
are minimal. As was done for the 1:1 complex, we calculate
the partition functions and thus values for the standard free
energy, enthalpy, and entropy for the reaction formingsNH
(H20), from ammonia and the water dimer. The calculation
yields —29.8 kJ mot? for AH® andAS’ = —152 J K1 mol™%
These values are such that this reaction is unlikely to be
atmospherically important. Combining them with thel® and

AS’ calculated for the 1:1 complex formation, we obtain the
free energy change for the reaction ZH+ NH; — NH3;—
(H20)2. At 270 K, AG® = +17.4 kJ moft* for this process and
the equilibrium constant is therefore 4:3 1074 atnT2. We
conclude that the ammontavater dimer complex is probably
not important in the atmosphere.

By following the procedure outlined above for the 1:1
complex, we again calculate the entropy and free energy of
adsorption of ammonia on water, but now assuming the
important features of the interaction are captured by thg-NH
(H20), complex. The calculated standard configurational and

translational entropies are the same in this case as those give

above. The calculate8nemaf is now 24.2 J K1 mol~1, giving

a calculatedAS,qs of —33.7 J Kt mol~1. These results are
listed with those corresponding to the 1:1 complex in Table 8,
which also displays the experimentally obtained thermochem-
istry.

H. Discussion

The combined results shown in Table 8 paint an interesting
picture of the ammontawater interaction. A comparison of the
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thermochemistry derived from the equilibrium surface-tension
measurements with that of full solvation of MHn water
suggests that ammonia is almost fully solvated in its surface-
bound state. Both the standard enthalpy and standard entropy
of adsorption from the gas phase are close to the corresponding
values of AHsoin” and ASyq°, although there are significant
uncertainties in the adsorption results. The standard free energy
of adsorption is somewhat better determined here; its magnitude
implies that the surface-bound standard state lies approximately
10 kJ mot™ below the standard state of the fully solvated species
in the temperature range 276800 K.

The saturated coverage derived from the equilibrium surface-
tension measurements is (H20.2) x 10 molecules cm?.
This is close to the estimated surface density of “free*HD
groups reported by Shen and co-workeds 2 x 10'* molecules
cm2 (assuming a surface density of water of 1.2410'
molecules cm?). This result implies that there is at most one
adsorbed ammonia per free OH in the surface-bound state and
thus that the principal intermolecular interaction binding NH
at the interface involves a hydrogen bond with a free OH.

With this idea in mind, the ab initio results show that there
is a significantly greater binding energy of ammonia to two
hydrogen-bonded water molecules than there is to a single water
molecule. This greater binding energy arises from the formation
of a second hydrogen bond, with Ntas the donor and the
second HO molecule as the acceptor. The calculated binding
enthalpy of NH to a water dimer is slightly less than thé,gs
obtained experimentally. A simple model of the surface interac-
tions, which assumes them to be essentially the same as those
in NH3—(H20),, yields predicted values afS,gs and AGyqs’
in reasonable agreement with the experimental values as well.
We conclude that most of the important features of the surface-
bound state are captured in a model in which the ammonia
molecule interacts simultaneously with two mutually hydrogen-
bonded water molecules. The primary interaction is via hydrogen
bonding to a free OH at the surface. The differences between
the calculated and measured thermochemical parameters may
reflect deficiencies in how the adsorption entropy is estimated
or may indicate that a third water molecule is weakly involved.

The evaporation rate constants derived from the time depen-
dence of the surface coverage suggest that the free energy of
activation for evaporation of Nifrom its surface-bound state
is simply the desorption free energy; there is no free energy
barrier other than the endothermicity of the process. A further
implication is that any free energy barrier separating the solution
and surface states is much smaller ths@,4s from the gas
phase and so does not affect the evaporation kinetics. This
implies facile transfer of the solvated ammonia to the interface
prior to its evaporation.

Strictly speaking, the kinetics presented here represent an
approximation to the “true” evaporation kinetics, since the
analysis relies upon an assumption of quasi-equilibrium between

the solution and surface states. If this assumption held rigor-

ously, we would observe a decrease in the solution concentration

"fommensurate with the decrease in the surface coverage. A

better picture might assume quasi-equilibrium between the
surface state and the solution lying within a “diffusion length”
of the interface; this solution would be in a slower equilibrium

with the bulk, through diffusion. Such a rapid exchange of

molecules within the first several layers of the surface is
consistent with the highly dynamic nature of the watair
interface. Since the more concentrated solutions undergo smaller
decreases in surface coverage over the time of the experiment,

there is more opportunity for the bulk solution and near-surface
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