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Thermodynamic analysis via simultaneous equations of previously reported mass spectra obtained from water
vapor at 99°C yieldedAE, AH, andAV values for H-bond formation in large, ion-induced, charged, water
clusters, H(H.0)., ranging fromC ~ 20 to C ~ 45 H,O. An averageAE value of —2190+ 15 cal/mol
H-bond was calculated for formation at pressures freth39 to~0.56 bar, as well as an approximatél

of —2540+ 70 cal/mol H-bond. However, van't Hoff treatment of mass spectral data between 41 4@d 90

at a constant partial pressure of 0.038 bar yielded a more acalrhtd —2425+ 25 cal/mol H-bond. Both

AH's are in close agreement with H-borkH’s from Raman, infrared, and viscosity data for liquid water,
despite the fact that they refer to charged water clusterAVAvalue of —31 3004 1000 cn¥/mol H-bond

also resulted from the simultaneous equations. \scompares favorably with a limiting\V value of

—30 790 cn¥mol H-bond corresponding to the condensation of steam to liquid water at 0.5 bar and 373.15
K. The AE, AH, AV, andAS values involved here demonstrate that the condensation of monomeric water
onto large,charged clusters in the vapor is analogous to the condensation of steam.

Introduction In this article we employed mass spectrometric data reported
. . . in 1980 but never analyzed by thermodynamic methods. We
Monomeric water molecules constitute the overwhelmingly jemonstrate that the mass distribution from large, charged, water
dominant SPECIES 1N _the vapor above liquid water at, or near, clusters in the vapor may be analyzed by standard thermody-
the normal boiling point:®> Nevertheless, a small amount of the namics to yieldAE, AH, andAV values for H-bond formation
vapor (order of magnitude/1%) is thought to be composed of We strongly emp’)has,ize that all thermodynamic quantities
large clusters, both neutral and charged, and broadly diStribUted’obtained here refer solely to positively charged clusteosto
ranging in size f§°m' €., 2010 458, at pressures of roughly neutral clusters, because only positively charged clusters are
0.5 bar at 99°C. detected
Carlon and Hardéndesignated this distribution of large j . L . .
g g Our method is statistical in nature, and as such is devoid of

clusters as water’s “hidden phase” because of the difficulty of . . .
its characterization in the presence of severe monomer interfer-SPecific structural information about the clusters. For example,
a cluster on the low-mass tail of the distribution, involving say

ence. ) .

Ordinary Raman spectroscopic examination of saturated waterig (\:A(/)?qtt? irbrSt(i)cl)?\ctl(J)liﬁé r:r:gz: hijvbeag?englll';ge?gzgerﬂ:%zretgh’qghj t
vapor at 100°C using a spectral resolution of several ¢m H tructural inf P that th t, b b)|/ | t.
mainly reveals the intense symmetric stretching monomer peak ence, a structuratinterence, €.g., that In€ most probable cluster

near 3657 cm'.5% Infrared spectroscopic analysis of the vapor size involves extensive H- bonding, cannot be extended to
near 3um is, unfortunately, so rich in fine structure, e.g. describe the tails of the distribution. Moreover, it would be

rotational, that any hope of seeing clusters, clearly and improper to use chemicql e_quations ir_1vo|ving specific struc_tures
separately, is virtually nil.Other infrared regions may be more  ©nly @ general description that involves condensation of
useful, but the experiments are difficéit. monomers onto the surface of charged clusters may be invoked.

Mass Spectroscopy, in Contrast, is idea| for studying |arge' OU,I: firSt procedure was to Obtain the most probable CIUSter
ion-induced, charged, water vapor clusters(iH0)., because size,C, of the mass distribution, as described below, and then
it simply reveals a series (broad distribution) of sharp, well- to use this most probable cluster size in thermodynamic
defined, mass “spikes” at integral multiples of theQHmass. calculations. The thermodynamic calcluations involved simul-
Specifically, if one examines the region from about 20 to 45 taneous equations of the form @ = A/T + BP, from which
H,O masses at 99C andP =~ 0.5 bar, one sees a broad we extractedAE and AV values for the condensation of
distribution of peaks whose maximum signal occurs between monomeric water molecules onto the large, positively charged,
28 and 34 HO masses. clusters.
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We next compared the clust&E values with H-bondAH We found that the€ values corresponding to a givanand
values obtained from Raman and infrared studies of water P may be described by
(because of their availability and reliability). This comparison .
clearly indicated that the clustekE values refer to single InC=AT+BP 1)
H-bond processes. Comparison of thA&/ values with the L
corresponding values for the condensation of steam, recalculated From thermodynamics it follows that
to a per mole of H-bond basis, was also made, and indicated _ _
very close agreement. The thermodynamic agreements suggested [8In K/3(/T)]p = —AH/IR=—AE/R—PAVIR  (2)
that large, charged, water clusters having sizes near the mos
probable size are extensively H-bonded.

The simultaneous equations were converted into a new form In K = —AE/RT—PAV/RT+ ASR ©)
involving an equilibrium constant, by including an entropy
change obtained from the condensation of steam on a per molegperation on both sides of (3) by the opera@8(l/T)]p yields
of H-bond basis. This allowed us to calculate the ratio of the (2) whenAE, AV, andAS are constants.
mass of the most probable clusters to the mass of the monomers, Next, compare coefficients of like power in the variableB 1/
and this ratio was found to be in good agreement with Carlon’s andp, between (1) and (3). This comparison gives = —AR
resultst andAV = —BRT, and identifies 'K = In € + AR, orK =

In summary, three agreements, (1) between the clusier ~ CeASR K, the equilibrium constant, equafse?SR = (Myiquia/
(andAH values, see below) and the Raman and infrared H-bond T,apo)- We designate the ratio ®1's as the reaction probability
AH values, (2) between th&V and the volume change for the  ratio. K calculated fromCeASR corresponds to ar:3% water
condensation of steam on a per mole of H-bond basis, and (3)cluster content, cf. ref 1. Details related to calculationA&
between the calculated equilibrium constant and the measure-as well as about the form of the equilibrium constant which
ments of Carlon and Hardénconstitute basic tenets of this allowed us to calculate the percentage of the water cluster
work, which indicate a similarity between the condensation of content, are discussed in a subsequent section.
monomers on charged clusters and the condensation of steam. A andB are readily obtained from solutions of simultaneous

The thermodynamic methods employed here are describedequations. For two pressurdy,andP,, at fixedT, one obtains
in the following sections.

however, if

InC,=AT+BP, (4)
Thermodynamic Analysis of Mass Spectral Data Using
Simultaneous Equations and
We designate the cluster size, that is, the number of water In (31 = AT+ BP, (5)

molecules in a specific cluster by the inteder The cluster
size corresponding to the “apparent peak” of the mass distribu-  g,ptraction of (5) from (4) yields
tion is designated b, whereas the average cluster siz€is

We determined as follows. (In (";2 —In él)/(p2 —P)=Aln C/IAP =B (6)
The signal heightsS of the mass peaks were accurately
measured for a given mass distribution, e.g=28 H,0. These Moreover, if data at widely separated temperatures were

Svalues were then multiplied by the corresponding inte@ral  available at constar® (near 0.5 bar), we could obtafdirectly
values, givingCS We designat€S= Y and the corresponding  from

C's asX. The file of theY,X values constitutes the corrected
distribution. (InC, — In CYIAM, — UT) =AInCIAQM) =A (7)
We next subjected a givex)X distribution to nonlinear least-
squares analysis, as one would do with continuous functions. but such data were lacking. Therefore, our procedure was to
The result was a nearly symmetric bell- shaped curve, whoseobtainB via (6), and then to determing from substitution in
equation corresponded to a high-degree least squares polynomiagither (4) or (5).
in X. TheX corresponding to the maximutvalue determined Three sets of andB values may be obtained from the three
analytically isC.° pairs of simultaneous equations that result from the three
Our high-degree polynomiad versusX curves are essentially  different pressures at 99C.! These three equations are
symmetric about the peak, and thus ¥galue corresponding  designated E, F, and G.
to the peak is essentially the avera§ei.e., € ~ C. High- C values areCe = 33.94,Cr = 31.08, andCs = 28.56. The
signal “magic number” clusters & = 21 or C = 28 were corresponding pressures &e= 0.5560 barPr = 0.4733 bar,
averaged by the least-squares analysis as if they were pointsand P¢ = 0.3853 bar.
having positive error. We carried a large number of figures in our calculations to
We emphasize that the mass spectra refer, for example, toprevent round-off error, but we finally rounded off thé&, AH,
the charged species'fH,0)., which is formed by the intense  and AV values to three significant figures.
S ionization source in the mass spectrometer. Hence, the H-bond An example of our calculation method is given using the E
AE, AH, andAV values to follow correspond to largeharged and G data. Simultaneous solution of the E and G equations
water-containing clusters. No statement may be made about theyields B = 1.011 andA = 1102. Becaus&E = —AR AE =
neutral clusters from the mass spectral data, because neutrat-2190 cal/molAV = —BRT, which givesAV = —31 300 cnd/
clusters were not detected. Moreover, although the chargedmol. P = (0.5560+ 0.3853)/2= 0.4707 bar, givingPAV =
clusters were produced by tfiesource in the spectrometer, this  —350 cal/mol.AH ~ AE + PAV = —2190— 350 cal/mol~
process occurred near the entrance, leaving ample time for the—2540 cal/mol. ~ ~
charged clusters to attain equilibrium structures prior to detec- Table 1 listsAH, AE, AV, P, andPAV values. We emphasize
tion. once more that all thermodynamic quantities were calculated
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TABLE 1: Thermodynamic Quantities Calculated from 3.1
Simultaneous Equations for Large,Charged Clusters in 9
Water Vapor 3.0
~AH, AE, AV, _ PAV, 2.9
pair cal/mol cal/mol cm¥mol P,bar cm?bar/mol @
E.G —2540 —2190 —31300 0.4707 14 700 10 28 1
F.G —2510 —2200 -—29700 0.4293 12 800
EF —2570 —2170 —32900 0.5147 17 000 c 7
average —2540 —2190 —31300 -l 25
from most probableC values, corresponding to a given 25-
temperature and pressure. Hence, the thermodynamic values are
properties averaged over the entire mass distribution, and cannot 2
refer to specific structures and chemical reactions involving 23 ‘ : : : : —
specific structures. 26 27 2.8 2.9 3.0 3.1 3.2 3.3
An important conclusion from Table 1 is that tiAE and 103/1'
AV values arel(;]?)arly ConStznft (some dewatlor;s from exact Figure 1. In C versus IT at constant pressure of 0.0379 bar taken
constancy would be expected from experimental error). from the data of Carlon and Hardérsee their Figure 10. The solid
We made one further calculation using one 2Q0data set, line is a least-squares fit of the data, the slope of which corresponds to

designated 1, with the 99C, E, data: We usedC; = 24.68 an enthalpy change of2431 cal/mol H-bond.
andP; = 0.3120 bar. This yieldedhE = —2190 cal/mol and

AV = — 39500 crd/mol. P = 0.4340 bar and®PAV = —410 The H-bond volume change for formation in liquid water at
cal/mol; henceAH ~ —2490 cal/mol. 100°C obtained from Raman data between 1 and 23 000 bar is
Two other 10°C data sets were not sufficiently accurate to AV = ~1.2 cn¥/mol H-bond? Hence, the volume change for

be used heré. H-bond formation in the liquid is obviously not involved here.

The ideal gas volume at 10C and 0.5 bar is 62 049 c#mol,
giving a AV of — 31 025 cn¥/mol H-bond, if we neglect the
liquid volume, and divide the volume by 2; see below. Hence,
the AV = —31300 cni/mol H-bond obtained from the
simultaneous equations must be related to (dominated by)
condensation of gas monomers octwargedclusters.

A measuredvalue for the volume of steam at 0.5 bar and
373.15 K is available, namely, 61 591 #mol H,O.1° The
volume of liquid water at 373.15 K is about 18.8 ¥mol H,O.
Hence,AV = 18.8 — 61591= —61 572 cnm/mol H,O, for

Comparisons with Raman Data

Numerous Raman measurements of liquid water givé
values for H-bond formation which occur in the vicinity e2.5
kcal/mol H-bonc? An infrared determination givesH = —2.4
kcal/mol H-boncE and thermodynamic analysis of viscosity data
for liquid water gives—2.4 kcal/mol H-bond.

AH =~ AE for liquid water. Hence, we must compare the
waterAH values with the curremhE values, i.e..-2.4to—2.5 condensation.

keal/mol H-bond v<_arsu3—2.2 keal/mol, Taple 1. To put theAV of —61 572 cni/mol H,O onto a per mole of
The agreement is close enough to indicate that the current_hond basis, we ask the following question. What is the

AH, AE, andAV values refer to 1 mol of H-bonds. maximumnumber of moles of hydrogen bonds that 1 mol of
monomeric water molecules can form from the gas phase, if

Van't Hoff Treatment of Mass Spectral Data at Constant they condense to a hypothetically completely hydrogen-bonded

Partial Pressure of Water tetrahedral network as the condensed state? The answer is readily

o shown to be 2, since each of the four H-bonds surrounding a
Carlon and Hardenreported average, i.eC values for a  fylly H-bonded water molecule is shared by another molecule.
series of temperatures from 41 to 9Q at a constant water  Hence, theAV of condensation must be divided by 2 to obtain

partial pressure of 28.4 mmHg. These data were recast in termsne|imiting value per mole of H-bond, namelyV = —30 790
of a van't Hoff plot, i.e., InC versus 1T, and then treated by  cmd/mol H-bond.

least squares. LK should be plotted versusTl/instead of In The aboveAV refers tomaximumH-bonding, but at 100C.

C, but the partial derivative of IieS®) with respect to I at We could use supercooled water or ice volumes, since many
constant gives the saméH as the corresponding derivative  H.ponds are broken in the 10€ liquid. If we use the density

of K, whenASis a constant. of ice, ~219.7 cn¥/mol, we obtain aAV of —61 571 cri/mol

The van't Hoff plot is shown in Figure 1, where the slope H,0, or AV = —30 786 cn¥/mol H-bond. The condensed state
corresponds to @H of —2425 cal/mol H-bond, a value in  volume is clearly not very important when th&/ is dominated
excellent agreement with Ramawjjth infrared? and especially by the gas volume.
with viscosity,—2431 cal/mol H-bond data. We also emphasize The AV of this work is—31 3004 1000 cn¥mol H-bond.
that AH, not AE, is obtained in this case, as opposed to the The agreement with the calculated steam value2® 790 cn¥/

simultaneous equation method which giveR directly. mol H-bond is excellent, and well within the accuracy of the
mass spectral data. This agreement indicates that the condensa-
The Volume Change,AV tion of water molecules from the vapor (at pressures from

~0.385 t0~0.556 bar at 372.15 K) onto largeharged water
If AE refers to 1 mol of H-bonds, it follows that the clusters is closely related to the condensation of steam to the
correspondingAV must also refer to 1 mol of H-bonds. liquid, and it further suggests, when combined with the
However, theAV values are largex —31 300 cn¥/ mol, and agreement between the clusteE values and the Raman and
negative. Hence, an explanation of such large negative volumeinfrared AH values, that thenost probable charged clusters
changes is required. are extensively H-bonded.
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We emphasize that the above statement about most probable It is obvious from eq 10 that the low amount of water
clusters does not preclude the possibility of dangling OH bonds, involved in neutral clustering at 99°C?* (again there is no
and broken H-bonds, in small-mass clusters at the low-massreference, whatsoever, to monomers condensing on charged
tail of the distribution. The following condensation reaction clusters, discussed above) results from the fact that the energy

characterizes the thermodynamic quantities of this work: of condensation per mole of H-bond divided By is a larger
negative number than the energy of H-bond formation divided
H,0monomeric gasj™ H20(charged,Hbonded cluster) (8) by RT. However, the negative energy of condensation should

decrease faster with rising temperature than the negative energy
All thermodynamic quantities refer to eq 8, and all are on a of H-bond formation, and must go to zero at the critical point,
(limiting) per mole of H-bond basis. In addition, all thermo- as the H-bond energy also goes to zero. This condition should
dynamic quantities refer, exclusively, to most probable cluster lead toK = C ~ 1 at the critical point, in agreement with a

sizes. recent conclusioft
Reaction Probability Ratio and Cluster Concentrations sviﬁélron of Charged Water Vapor Clusters 1o Liquid
The heat of vaporization of water at 10Q and 1.0132 bar The van’t Hoff H-bondAH value of this work (see Figure

is9717.5 cal/mo’r.We use this value to approximate the entropy 1) for charged water clusterAH = —2425 cal/mol H-bond, is

of condensation, roughly, at 95C and 0.5560 bar before i very close agreement with H-bortH values obtained from

calculating the equilibrium constant frol = Ce*SR, using liquid water. The water value from viscosity dateH = —2431

Ce = 33.94. TheAS of condensation (corrected to 0.5 bar) is  cal/mol H-bond is regarded by us to be more accurate than

~ —27.42 cal/degnol H;O, or after division by 2 (as done  oyr Raman values, and it is virtually the same as the near-

previously forAV), AS~ —13.71 cal/degnol H-bond. The infrared value of Worley and KlotZ.

reaction probability ratio is thus*€® = 1.01 x 1073, which In addition toAH agreements, the large, charged, H-bonded

when multiplied by 33.94 give = 0.034, i.e~3%. Thisresult  \ater vapor clusters involved here would certainly sustain

gives the correct magnitude for the cluster concentration, as o—0—0 bending, G-O restricted translations, and:@ libra-

stated in the Introduction and in ref 1. tions similar in frequency to those which occur in liquid wafer,
The exponential term*€R equalsIliquia/Tlvapos Where the  despite the fact that a proton is involved in the charged clusters.

subscript “liquid” here refers to the charged clusters. This  Hence, there are similarities between the nearest-neighbor

prObabI|Ity ratio is the concentration of Charged clusters (m0|eS energy and frequency properties of |arge' Charged, water vapor
of most probable sized clusters/liter) divided by the monomer ¢jysters and liquid water.

concentration. When the probability ratio is multiplied by the
ratio, e.g.,Mu,oCe/[Mi,0(C:=1)], whereM is the molecular ~ TWo Caveats
weight, it gives the mass of the charged clusters for the most (1) The stabilizaton, i.e., lowering of energy, involved in
probable species divided by the mass of the monomers in theadding water molecules to a protonated water cluster containing,
vapor. This is so becaug& x (concentration, moles per liter,  say, 24 water molecules, was measured here; in contrast, the
of charged clusters) gives the number of moles per liter on a energy change in adding water molecules toeatral water
monomer basis for the water in the charged clust&rso cluster was definitelynot measured. We strongly emphasize,
calculated is 0.034 fo€e = 33.94. therefore, that the latter shouldot be considered to be
The 8 source increases the charged cluster concentrationquantitatively the same as the former, despite the several close
above the value before ionization; hence, we conclude that theAE andAH comparisons described in the text. The presence of
neutral cluster condensation in steam at'@9s less than 3%, a proton in a water cluster of the sizes involved in this work
in agreement with ref 1. should have the effect of strengthening the H-bonds throughout
The AV and ASvalues used thus far, taken from ref 10, for the cluster, a strengthening which cannot exist in a neutral water
steam and water refer to the condensation of the vapor to thecluster of the same size.
liquid to form 1 mol of H-bonds; i.e., both values per mole of (2) We divided H-bond energies per mole of®Hby a factor
H.O were divided by 2. of 2 to obtain the H-bond energy per mole of H-bond. This
Let us now apply the same type of thermodynamic formula- procedure yields #imiting value This limit refers to the fact
tion, used for water vapor araghargedwater clusters, to steam that a hypothetically perfect, and completely H-bonded, tetra-
and pure liquid water. This is aew applicationto saturated hedral network composed of water molecules has two H-bonds
steam; it has absolutelyo bearing, whatsoever, on the case of per water molecule. (Liquid water under ambient conditions has
monomeric water condensing on charged clusters, discussedess than two H-bonds per water molecule because some of the
above. H-bonds are broken, e.g., at 26 and 1 atm pressure. However,
It is easily shown fromAH/T = AS AH = AE + PAV, and this latter consideration is totally irrelevant as far as the limiting
Pug = Pcong that value is concerned.) We next observed that i values
calculated in this work agree, within their experimental uncer-
In K = AE,,,{RT— AEz/RT 9) tainties, with theAV calculated from the condensation of the
real water vapor, when divided by 2, for conversion to a per
or that mole of H-bond basis. This suggests considerable H-bonding
in the charged clusters. However, complete H-bonding (unlikely)
K = exp(AE,,,/RT)/eXp(AE,s/RT) (10) F:ould_ only be in_ferred if the twa\V values were precisely
identical, a condition which does not exist here because of the

where “cond” refers to the energy change of condensation, “HB” experimental uncertainties.
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