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Dynamics of neutral cluster growth and cluster ion fragmentation
for toluene/water, aniline/argon, and 4-fluorostyrene/argon clusters:
Covariance mapping of the mass spectral data
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Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872

(Received 20 March 1998; accepted 9 June 1998

Neutral cluster growth and ionic cluster fragmentation are studied for toluene/wate)) (@Wline/

argon (AnAr), and 4-fluorostyrene/argon (FSAr Clusters are created in a supersonic expansion
and ionized by both one-color and two-coloear thresholdresonance enhanced laser ionization.
Toluene/water clusters are known to fragment subsequent to ionization by loss of water molecules
or by proton transfer and loss of a benzyl radical. This system is selected to test the applicability of
covariance mapping techniques to investigate the fragmentation behavior of singly charged cluster
ions. To explore sensitivity of the parent ion/fragment ion correlation coefficient to cluster
fragmentation, correlation coefficients are measured as a function of ionization photon energy as
thresholds for the various fragmentation processes are scanned. Fopamht ions, correlation
coefficients correctly reflect switching between the benzyl radical loss and water loss fragmentation
channels as the photon energy is increased. P&t Tcluster ions, fragmentation contributes only
about 20% to the correlation coefficient—the other 80% contribution is due to neutral cluster
growth. The growth-dominated correlation coefficients scale approximately with the square root of
the product of the two ion signal intensities and linearly with the ionization laser intensity, and
therefore are not good relative measures of correlations between ions and signals of different
intensities. A normalized covariangeovariance/product of signal intensitfies introduced to
eliminate this dependence. The laser intengity(signal product)?] independent component of

the normalized covariance arises from ion correlation due to neutral cluster growth and the laser
intensity dependent component of the normalized covariance arises from ion correlation due to
cluster ion fragmentation. These findings are applied to study the cluster growth dynamics qf AnAr
and FSAy, clusters. Covariance mapping shows that the broad intensity maxima in the mass
spectrum of FSAy clusters are not caused by fragmentation but can be attributed to neutral cluster
growth. The observed neutral cluster distribution appears to be a superposition of three broad,
overlapping, log-normal-like distributions peaking around cluster sized, 8, 20. The difference
between the overall shapes of the ApfAand FSAy mass distributions appears to be due to faster
dimer and cluster growth kinetics for the FSAdluster system. The growth kinetics for the latter

two cluster systems can be fully explained and modeled by a simple closed form algebraic kinetic
equation that depends on three parameters:; dimer growth rate, overall cluster growth rate, and a
cluster growth cross section that scales with cluster size1988 American Institute of Physics.
[S0021-960698)00135-4

I. INTRODUCTION dred nanoseconds following ionization. Additionally, parent/
fragment ion associations must be made to help identify
In the mass spectroscopy of clusters and polyatomignass resolved excitation spectra in a complex fragmenting
molecules, ion fragmentation is often a serious problem evesluster system.
if careful threshold energy ionization is pursued: Franck—  Time-of-flight mass spectroscopyTOFMS) is fre-
Condon factors for the ionization can require that the iongyuently employed in cluster studies because it can obtain a
are created with excess vibrational energy. Two questionsomplete mass spectrum of the sample in a single ionization
arise for a mass spectrum produced with excess ion energylase) pulse. A TOF mass spectrometer has a large through-
(1) Does the observed mass spectrum reflect the neutral diput and a final mass spectrum for a cluster system is typically
tribution of species?2) If cluster ion fragmentation has oc- acquired by averaging the signals from many1(0®) ioniza-
curred, what are the pathways? lonic fragmentation on thé&on pulses to achieve good signal to noise ratios. The aver-
tens of microseconds time scdlmetastable fragmentatibn aging process, however, also results in the loss of consider-
can be determined in a reflectron-time-of-flight or a doubleable important information contained in each individual trace
focusing sector field mass spectrometer; however, no simpler scan of the mass spectrum. In particular, some ions appear
way exists to correlate the fragmenting ions in the ion ex-in these scans in association or antiassociation with other
traction region of a mass spectrometer in the first few hunions. It is such information that can suggest fragmentation

0021-9606/98/109(11)/4342/19/$15.00 4342 © 1998 American Institute of Physics
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parent/daughter and growth relationships between clustdral maximum atn~4. As the expansion backing pressure
ions1~®Houk and co-workers were among the first to test forincreases, the AnArdistribution maximum smoothly shifts
these ion associations by employing the chi-squar® fest  to higher cluster sizes and the F$Adistribution develops
and computing correlation coefficients) for ion signals in  two additional maxima ah~8, 20. The normalized covari-
different mass channels for a collection of individual singleance matrix elements are small and are all equal for the
pulse TOF mass specttaPairs of ions withy larger than  AnAr,, clusters system, but large and positive for (FSAr
some critical valuey, (corresponding to a certain confidence FSAr._ ;) and negative for (FSAr, FSATr,_) clusters, with
level) are considered associated. These investigators studiéda function ofn and backing pressurd %5). The covari-
Csl, YBaCu0;, (VO),P,0;, andB-VOPQ, cluster systems ances change smoothly for the FSAfistribution. Covari-
generated by laser ablation. They showed that ion formatioance mapping shows clearly that these threshold distributions
and fragmentation pathways and mechanisms could be umre not associated with cluster ion fragmentation but that
covered by such covariance mapping techniques. Of particithey are due to cluster growth patterns. Through computer
lar interest for our studies is the behavior(®0),P,0; and  modeling and simulation of cluster growth rate equations,
VOPOQ, systems® Their mass spectra are very similar, but one can demonstrate that the important growth kinetic pa-
their ion association maps are very different. Thus while thgameters are the dimer formation rate constant and the over-
overall ablation process yields similar mass spectra, very difall clustering rate constant.
ferent sets of growth kinetics give rise to these mass spectral
intensities. Il. COVARIANCE MAPPING

Contemporaneous with the Houk group studies are those e correlation coefficienty(x,y) is a quantity fre-

. . 2 . .
by F_raﬁmsk|et al, ,\,/vho employed covariance mapping t0 guently used in the scientific literature to express the prob-
obtain “momentum” maps of fragmenting multiply charged gplity of simultaneous occurrence of two different evexts

ions during a Coulomb explosion. These maps can be €Mindy in a sequence of observatiofiscans. It is derived
ployed to reveal kinetic energy release in fragmentation profgm the covarianc€(x,y) defined by

cesses for these ions. A number of groups have followed
these two paths and employed the covariance map for mo- — —
mentum and correlated ion studies. Correlation of neutral C(X’y):ﬁZ‘l Xi=X)(yi=y) @
fragments from photodissociation of mass selected cluster . )
ions is another application of the covariance mapping tech!’ ,Wh'Ch X; andy; are the numbers of occurrend@s inten-
nique. Systems as diverse as argon clusteasnmonia sities of eventsx andy in theith scan and
clusters! CF,° and laser ablated plumes of high 1" o
temperature superconduct§@8® and PWTig 457105005 =n > X, y=
ferroelectric&® have been investigated.
To explore the suitability of this technique for the study are the mean numbers of occurrences of eveatsdy in all
of neutral cluster growth and ionic cluster fragmentation bescans. The correlation coefficient(x,y) is a normalized
havior of singly charged van der Waals clusters, we firsform of the covariance defined by
study the toluene/water cluster system. The toluene/water cixy)
cluster system is known to undergo intensive, but energy  ,(x,y)= 24 ] 2)
controlled fragmentation processes upon ionization: the [C(%X)C(y,y)]"?
threshold for ionization and various fragmentation pathwaysc(xix) andC(y,y) are the diagonal elements of the covari-
can be scanned by tuning the laser generated ionizatiogce matrix and are usually referred to as the variance of
wavelength. This approach, combined with simple compute(randy, respectively, , the standard deviation ofis given
modeling and ionization laser intensity dependence studie%y [C(x,x)]*2 and likewise fore, . y can assume only val-
allows one to uncouple the correlation component due tQas in the rangé—1 to +1): a i//alue ofy=0 implies no
fragmentation from other contributions to the ion Co”elationvcorrelation; a value ofy=—1 implies complete anticorrela-
including those from neutral cluster growth and instrumentahon; and a value ofy=1 implies complete correlation. The

effects. In some instances, one can expose individual fragyqyantage of characterizing covariances and correlations

mentation pathways. rather than coincidence between ions is tlHi,y) and

The potential and limitations for the covariance mappingy(xyy) consider the arrival of more than one ion of the same
technique to expose these pathways are discussed in this 'Ssecies within the same scan.

port. These findings are then employed to interpret the mass 1, apply the covariance mapping technique to the com-

spectra of aniline/argon (Anfy and 4-fluorostyrene/argon ey neutral growth and ion fragmentation cluster systems of

(FSAR) Vg” der Waals cluster systems. Biegnac and  concern in this study, consider a sequence of cluster growth,
co-workers observe that these two similar solute/solvent,sier jonization, and cluster ion fragmentation reactions:

systems have very different mass spectral intensity patterns .

n

under one-color, two-photon ionization conditions: ApAr A+ B—a>AB &)
ion signal intensities decrease with increase in clusterrsize Pa '
FSAr, cluster signals peak at local maximum for about A+hv—A*+e, (4)

~4. Under the present two-color, two-photon threshold ion- Pag
ization conditions, however, the AnQAspectrum has a glo- AB+hy —— AB™ +e, (5)
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. k . nozzle is mounted at the opposite side of the ion source from

AB"—A"+B, ®  the pulse nozzle and its skimmed beam is ionized about 25
in whichk, denotes the aggregation rak&, is the ionization  c¢cm from the cw nozzle. The cw nozzle is differentially
probability of cluster or moleculé\, Pg is the ionization  pumped and the two chambers are separated by the skimmer
probability of clusterAB, andk; is the ion fragmentation through which the cw beam passes.
rate. |fkf:0, the cluster i0n9\+ andAB™ will be correlated Clusters in both molecular beams are ionized by a reso-
only through the aggregation rate E@). This correlation nant two-photon, one-color or two-color process. The two
will be negative if fluctuations of the cluster grOWth raﬁ@ laser pu|ses are Over|apped in time and space for the two-
are the dominant fluctuations. If the concentration of parcolor ionization case. The lasers are two independent Nd/
ticles A fluctuates and its fluctuations are dominant, the ionsyAG pumped dye lasers. The output of these dye lasers is
A" andAB™ may be positively correlated. If the fragmenta- doubled or doubled and mixed as is appropriate for the ex-
tion probabilityks is nonzero, the correlation coefficient will ¢ijtation (S;—S,) and ionization («—S,;) transition. In a
be affected also by fluctuations kf and by the fluctuations two-color ionization, theS,;— S, excitation laser is reduced
of the ionization probabilityP»g. The correlation between n intensity to minimize the one-color contribution to the
AB" andA™ will be negative if fluctuations ok; prevail,  signal. Thus, the wavelength of the secofidnization,

while it will be positive if fluctuations oP,g prevail. |—$,) laser could be scanned across the ionization thresh-
Since the number oAB™ andA™ ions will be smaller  old to open or close a particular ionization or reaction/

than the number of their neutral precursdi®., P and  fragmentation channel.

Pag<1), the Poisson fluctuations due to the statistical na-  The jon beam is extracted into a TOF tube that is per-
ture of the ionization and fragmentation processes will tenthendicular to both the molecular and laser beams. At the end
to be higher than those due to cluster growth. According taf the flight tube(1.5 m) ions of different mass are separated
estimates based on the number of detected {orf0 ions/  py their time-of-flight and are detected by a microchannel
mass peak/laser pulsand estimated ionization efficiencies plate detectooperated at a gain of 107) equipped with
(<10%), fluctuations due to fragmentation would be ex-two microchannel plates in Chevron configuration. The out-
pected to be about 30% of ion signal intensity, while thoseyut current from the detector is fédt 500) into a Tektronix
from growth should be about 10%. Hence the correlation duRTD 720A transient digitizer without additional amplifica-
to cluster fragmentation should, in general, be expected to bgon. The digitizer samples the ion detector voltage at a rate
higher than that due to cluster growth. Whether fluctuationsf 4 ns/channel; a trace of 8192 or 16 384 samples is ac-
related to cluster growth or cluster fragmentation dominateyuired after each laser pulde scapn, corresponding to a
the correlations betweeAB™ and A™ will depend on the  maximum TOF of 32 or 64us. Between laser pulsé400
properties of the system under study and on the ionizatiomyg), the acquired scan or trace is transferred to a Gateway
mechanism. A more rigorous and in depth mathematicape-180 MHz computer for real-time processing of the cova-
analysis of these ideas will be presented after the presentgiance matrix. The RTD 720A digitizer is chosen because of

tion of the toluene/water cluster correlation results. its data throughput over a GPIB port_ Data transfer to the
computer and processing one trace of 8192 samples takes
IIl. EXPERIMENTAL PROCEDURES less than 100 ms and one trace of 16 384 samples takes less

The clusters studied in this work are created by superghan 200 ms. Data can thus be collected and processed at a

sonic expansion from either an R. M. Jordan Co. pulsedalser repetition rate of 5 or 10 Hz.

nozzle with a 0.8-mm-diam orifice or a cw nozzle with a

Q.225_r_nm orlflpe. The pulsed n_ozzle yields higher _S|gnaI|V_ CALCULATION OF COVARIANCES AND

intensities and is therefore_ g;ed in most of the eXpe”me_m%ORRELATION COEFFICIENTS

however, due to the sensitivity of the covariance mapping

technique to pulse-to-pulse fluctuations of the nozzle effec- Covariance matrix elements are calculated for each pair
tive opening area, we employ the cw nozzle to check forof peaks in a mass spectrum; for each laser pulse, ion signal
correlations due to nozzle fluctuations. Toluene/water clusintensities are integratedypically 15—-25 time sample¢sand

ters are made by coexpansion of toluene and water vapors aach pair of integrated peaks is treated according to @gs.
their respective room temperature vapor pressures seededd(2). So obtained, covariances or correlation coefficients
into 50 psi He in the case of the pulsed nozzle and about @re presented in tabular form, a covariance or correlation
psi He in the case of the cw nozzle. The aniline/argon anaoefficient matrix. The dimensions of these matrices range
fluorostyrene/argon clusters are generated by coexpansion afughly from 5<X5=25 elements to 20 20=400 elements.

the chromophore solute at its room temperature vapor presn the analysis approach used herein, ion intensities from two
sure with~50 psi Ar for the pulsed nozzle and20 psi Ar  mass peak$with widths a andb time samplesare first in-

for the cw nozzle. For the study of the AnArclusters a tegrated and then integrated intensities are correlated. This
10% Ar, 90% He mixture is used as the expansion gas tprocedure gives exactly the same result as one in which the
reduce the number of large clusters in the supersonic bearsteps are reversed: that is, each two time samples are corre-
The molecular beam for the pulsed nozzle is first skimiiied lated, and the resulting covariance intensities are integrated
mm hyperbolic skimmerbefore it enters the ionization re- over the grid ofaxb points. This follows from rearrange-
gion of a commercial TOF mass spectrometer of the Wiley-ment of the summations in E@L). The covariance and cor-
McLaren design made by the R. M. Jordan Co. The cwrelation coefficients are only weakly dependent on the cho-
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sen integration interval, as is to be expected, as off-peakABLE I. S,—$, excitation energies, apparent ionization enerdiest
intensity is due mostly to unrelated background counts corrected for a 300 V/cm electric field in the ion extraction region of the

.. . . . TOF mass spectromejernd ion fragmentation threshold energies of TW
Through this integration procedure, information on any . sters. P e g 9 s

possible momentum correlation is lost because signals from

both forward and backward scattered ions are added. This is S-S lonization Fragmentation
only of minor concern for the present studies because we do transition ~ energy  threshold
not expect such associations for E¢3)—(6). Importantly, energy (cm’) — (em™)  energy (cm’)
however, by summing the signal intensities in each massw, 37 606 70 075

peak, a smaller number of scans is needed to achieve acceptTW; —WsH"+CgHsCH, 70940
able signal/noise ratios and error bars for measured covari- TWs —~TW; +W 71855

ances and correlation coefficients. For example, the typical
cluster ion signal intensities in this study are about 10 ions/

mass peak/laser pulge- 80 mV). The peak width varies with proaches directly. The covariances calculated by both meth-
cluster size, but for many clusters of interest it is typically ods are equivalent within the stated error b&at2s). In
about 80 n3100% width—full width at half-maximum-25  principle the first method, which includes all samples taken
ns). Since the peak shape is roughly Gaussian, on averagggether, can suffer from low frequency error sources, while
about 1.4 ions will be detected in the time channel at thghe second method omits these contributions. The results re-

center of the mass peak. Typically 2500 scans are obtaingghrted in this study are not subject to such differences.
for each single covariance matrix. Under these conditions the

covariance valugs of the points spanning the argd inthe |, 15 UENE/WATER CLUSTERS
map corresponding to two correlated mass peak2Qx 20

points vary greatly; often neighboring points have oppositeA. Toluene (water), (n=1,...,6)
signs and a false impression may first arise that a positive The resonant two-photon ionization spectra  of
correlation between some parts of the correlated peaks a”dté‘luenéwater)n, n=1,...,6 (TW,), have been studied

negative correlation between other parts of these peaks eyreviously® These clusters undergo extensive fragmentation
ists. Closer and more detailed consideration, however, '&ubsequent to ionization, even if the energy of the ionizing

veals that randomness of the distribution of the covariancgnoton is tuned only a few hundred chabove the ioniza-
intensities within the chosen area is the cause for such by threshold.

havior; that is, the variations are due solely to poor statistics. T\~ and TW cluster ions fragment by loss of a water
At the same time, correlation of the integrated ion signalyglecule, while larger TW(n=3) cluster ions fragment in
intensities yields covariances with very reasonable and regy g channels: loss of water and loss of the benzyl radical.
producible statistical deviations, typically2=0.04 for cor-  £or TW! oss of a benzyl radical is the lower energyo-
relation coefficients. For the Gaussian shaped peak undegor ionization fragmentation channel, yielding W™
discussion, the statistical deviation of the covariance for thester ions. At high ionization enerdg.g., one-color ion-
central time element of peaks would be seven times greatgfation), loss of a water molecule is the preferred fragmen-
than that for the integrated peak intendityeaax b). About  tation channel. Table | contains a summary of energy rela-
1.75¢10* scans would need to be collected to achieve 8Ctionships for these two channels. Correlations betweer TW

ceptable error bars for the covariance at the central point 0&\/3H+ and TW ion signals reflect the competition between
this area compared to 2610° scans for the integrated peak thase two channels. Tables Il and Ill show correlation coef-

areas. _ , ficient matrices obtained for two-color{72 000 cm*) and
Quoted errors for the covariances reported in these Stucb‘ne-color(at 75 200 cmY) ionization, respectively, for T\év

ies are 2Zr corresponding to a 95% confidence level for eaChpumped 6, Sy) at 37 606 cm. Under two-color ioniza-

covariance matrix element in the map. Two different meth+;,, conditions, the TW ion correlates most strongly with

ods can be employed to obtain a reasonable estimate of tinH+ and more weakly with TW (see Table Ii. The third
covariance matrix elements’ standard deviation. In the ﬁrsgtrongest correlation is between 'E\Nand W,H*. Notice

method, covariance is calculated according to B9.and ot the correlations of all cluster mass peaks with the back-

statistical deviation of the covariance is calculated from theground mass pealprobably pump ojl are zero within the
well-known expression for the statistical deviation of theerror bars, as should be anticipated

mean: Figure 1 illustrates why T/ and W,H™ are positively
- correlated. In the lower trace of Fig. 1 is displayed the con-
o= \/ 1 S =X (yi=Y) = COuy) 2 ventional mass spectrum obtained as an average of 500 scans
nn—-1) < - : ' ' or laser pulses; the upper trace displays the mass spectrum
from a single scan selected from the set of 500 scans to
In the second method, the total numberof acquired demonstrate this correlation between J\&ind W,H*. No-
samples is divided inton groups 6/m~100), the covari- tice the relative intensities of the features and especially that
ance is calculated for each group separately, and the covaslarge signal for TW generates a large signal forW".
ance and standard deviations are obtained as the mean and On the other hand, under one-color ionization conditions
standard deviation of the mean forobservable§.Correla-  the situation is reversed; that is, TWcorrelates most
tion coefficients of course follow from these different ap- strongly with TW, and more weakly with \3H* (see Table
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TABLE Il. Correlation coefficienty) matrix of toluene water clusters ionized by resonant two-photon, two-color near-threshold ionization.

WoH* WH* TW* TW; TW; TW* Background T, W5
W H* 0.278-0.066  0.2930.072  0.382-0.068  0.60%0.082  0.08&0.184  —0.095-0.092  0.164:0.074
WH* 0.142:£0.068  0.23%:0.066  0.2940.068  0.0580.042  —0.068:0.060  0.078&0.064
Wt 0.264:0.066  0.2920.070  0.022-0.0148 —0.106:0.082  0.032-0.074
WS 0.390:0.070  0.05%0.120  —0.154:0.074  0.0610.070
TW; 0.075-0.182  —0.065-0.092  0.19&:0.076
W' —-0.179:0.412  0.00£0.110
Background 0.233+0.070
). p(TW5 \W3HT), »(TW; . TW™), y(TW,WaH"), and Again, information on the ionization threshold and frag-

y(TW3 ,TW™) are also quite strong. Thus, the correlation mentation channels for a collection of clusters can be em-
matrices are consistent with the switching between fragmerployed to observe correlation coefficients and covariance
tation channels with change in ionization energy: the frag-matrix elements as these thresholds are scanned. In particu-
mentation channel TW—W;H* +CgHsCH,- prevails under lar, y(T,W, ,T,W,) are characterized as the ionization laser
two-color conditions, while the T\gv_>TWg+W channel energy is scanned from below to above the threshold for the
dominates under one-color conditions. T2W2+—>T2W++W fragmentation channel. With the excita-
Moreover, Table 1ll shows that under one-color ioniza-tion laser at 37 592 cit both the TW, cluster S« Sy)
tion conditions, TW undergoes fragmentation by loss of specifically and a broad background absorption from other
two water molecules, consistent with the earlier spectroclusters (T,W,,m>1) are accessed. The laser intensity is
scopic resultS. Some of the TW ions are also formed by kept low, as described above for a two-color ionization, to
fragmentation of JW, ; that is,C(T,W, ,TW;) is large. reduce the one-color signal component. The ionization laser
is scanned from 33 445 to 34 700 chn

As expectedy(T,W; ,T,W") increases as this fragmen-

B. (Toluene ) ,,(water), (m>1, n<5) tation channel is scanned by the ionization laser; however,

To test the covariance mapping technique further on &(T2W3 . T.W') and y(TaW, ,T,W*) also increase by
more complex fragmenting system, larger clusters of th@bout the same factor ag(T,W, ,T,W*) does, while
toluene/water system have been studied: in particulary(T2Ws . ToW,), ¥(ToW, , ToW;), and y(T W, ToWs)
(toluene),(water),, (m>1, andn<5) clusters. To carry out remain unchangetsee Fig. 4 T,W" cannot correlate with
this test of covariance mapping for a fragmenting system, thd>W; and W5 due to fragmentation under these excitation
spectroscopy of these clusters must first be explored. Theonditions (see Table IV. Thus, TW™ can be correlated
details of ionization, fragmentation channels, and the variouwith T,W; and T W, only through cluster growth. The in-
spectra are given in Table IV. A few general remarks will becrease of y(T,W3 , T,W*) and y(T,W, ,T,W*) with the
presented in the text here to orient the reader. First, the masgpening of the 1W2*—>T2W*+W fragmentation channel is
spectrum of T, W, (m>1,n<5) cluster ions shows promi- then solely due to the increase of th@M" ion signal inten-
nent even—odd alternation of cluster ion signal intensitiessity. This observation demonstrates that the correlation coef-
with varying numbem of water molecules; that is, ;W5 ficients depend on signal intensities and that covariances in
and T,W, are more abundant in the mass spectrum thageneral are not well normalized through division by
T.W; and T,W3 (see Fig. 2 Second, the excitation spectra va*(x) o?(y)=C(x,X)C(y,y).
of T,W, (n<5) clusters show sharp spectral features for  Surprisingly, this possibility has thus far been ignored in
S+ S, of toluene in the vicinity of the toluene bare mol- the literature. In Sec. VI, we present a simple model to ex-
ecule S;+ S, superimposed on a broad absorption con-plore this circumstance. Below we discuss two issués:
tinuum (Fig. 3). Table IV presents the appropriate spectro-separation of the two contributioigrowth and fragmenta-
scopic results and fragmentation energies for the clusters dion) to correlation coefficients through the observed ioniza-
present concern. tion laser intensity and wavelength dependence of the corre-

TABLE Ill. Correlation coefficient(y) matrix of toluene water clusters ionized by resonant two-photon, one-
color ionization.

WgH* W, H* TW* TW; TW; TW* T W;
W,H " 0.112+0.068 0.2130.072 0.2740.066 0.182-0.068 0.168 0.066 0.098 0.066
W, H* 0.094-0.064 0.1330.066 0.096 0.066 0.066-0.062 0.0330.062
TW* 0.271+0.064 0.16%0.064 0.238:0.068 0.088 0.064
W, 0.272¢0.070 0.18%0.066 0.1130.056
TWS 0.120+0.062 0.1530.060

TW* 0.128+0.062
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FIG. 1. Lower trace: The mass spectrum of the T\ih<5) and LW,
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FIG. 2. The mass spectrum of thg W, (n<5) cluster ions produced by
resonant two-photon, one-color ionization. Notice prominent even—odd al-

ternations of signal intensity with number of water moleculeg®r m>1.

(n<3) cluster ions produced by resonant two-photon, two-color ionization,The excitation(one-photoh energy (37 584 cm') is tuned to the broad
obtained as an average of 500 scans. Upper trace: The mass spectrum frgi@ickground absorption of ;W, (m>1) clusters, off any TW or T,W,
a single individual scan selected from the set of 500 scans. The excitatiofesonance.
(one-photoh energy is tuned to TWS,«— S, resonance at 37 606 cth
The ionization energy is-34 480 cm®. The corresponding correlation co-

efficient matrix is shown in Table II.

C([ToW, 1, [ToW, 1)=0?(T W, )
=C([T,W.], [T,W, ])? The short answer to this question,
which we will sketch below in terms of a simple model, is

lation coefficients; and(2) proper normalization of the
covariance to eliminate this signar lasej intensity depen-

and

a?(T W)

dence.

VI. CORRELATIONS DUE TO NEUTRAL CLUSTER
GROWTH AND CLUSTER ION FRAGMENTATION
BASED ON THEIR LASER INTENSITY DEPENDENCE—

A SIMPLE MODEL

that different fluctuationd may contribute to the covariance
and variance matrix elements.

Consider the sequence of neutral cluster growth, cluster
ionization, and cluster ion fragmentation reactipBgs.(3)—
(6)] described in Sec. II. For convenience these equations are
written in a simple diagram as

As seen in Fig. 5, the reason that the correlation coeffi-

cients are not independent of ionization laser intensity or the
signal product intensity for the two correlated ions is that

C(x",y") scales a$(laser)', n=1.8+0.2, and o(x)o(y)]
scales ad]", m=1.2+0.1 (I_ is the ionization laser inten-
sity). Thus, y(x*,y")=C(x",y")/a(x)a(y) scales as a T,
I, 1=0.620.2. Note, of course, thd][y] (=signal prod- l@ f
uct intensity forx™ andy™ ion signal$ scales as?. =
The specific question is now: why is the signal depen- > b. T,W
dence of covariance matrix elemer@§[ T,W, 1,[ T,W, 1) @
steeper than that of the variance matrix elements < 9
i C. T2W2
TABLE IV. S;«S; excitation energies, apparent ionization energiest g h
corrected for a 300 V/cm electric field in the ion extraction region of the w
TOF mass spectromejerand ion fragmentation threshold energies of E d. T2W3
T,W,, 1=n<4, clusters. = .
- ]
S lonization  Fragmentation <Z(
transition energy threshold O e TW
energy (cm?Y)  (cm™Y)  energy (cm? » 24
T.W 37 459.5 69 796 100 N T T T
TaWe 37592 69696 100 37400 37450 37500 37550 37600 37650
TW; =T W' +W 71 290+ 200
ToW3 37 558.5 69 316 150 WAVENUMBER (cm-1)
TWZ S T,W5 +W 72 060+ 200
TW, 37547 68 266150 FIG. 3. Two-color mass resolved excitation spectra ¢ clusters:(a)
TW, =T, W3 +W 72 060= 200 tolueng, (b) tolueng(H,0);, (c) tolueng(H,0),, (d) tolueng(H,0);, and

(e) tolueng(H,0),.
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FIG. 4. (8 T,W, (n<5) ion signal intensities anth) y(T,W, ,T,W,) [ S— .. e
correlation coefficients as functions of the two-photon energy obtained by 10 100
scanning the ionization laser photon energy across the threshold for the SIGNAL (1)
T,Wj —T,W*"+W fragmentation channer¢71 290 cm). The excitation
energy is 37 592 crt. FIG. 5. Dependencies df) correlation coefficients/(T, W, , T,Wy) and
(b) covarianceC(T,W; ,T,W, ) on the geometric averadeof the signal
intensities 1(T,W,) and [(T,Wy), I=y(I(T,W,) - 1(T W) A—n
=2,k=1; V—n=3,k=1; 0—n=4,k=1; O—n=3, k=2; 0—n=4,
PAB + k=2; and—n=4, k=3. (c) Dependencies of the standard deviations
AB — AB a(T,W) = J(C(T, W, , T,W,)) on the signal intensities(T,W,): O—n
=1; A—n=2; V—n=3; and 0 —n=4. The signal intensitiekare varied
@ by varying the ionization laser intensity ,1 oI .
7
ka[B) K
Pa - . .
A — A" Combining these formulas, the ion concentrations can be
written as
Here, k[ B] dgnoltes .the cluster .g.rowth or aggregation rate, [A*]=(PA(1—ka[B])+k;Paska B)[Alo, (12)
P, Pag, are ionization probabilities, arld is the fragmen-
tation rate of cluster io®B*. To simplify the mathematics [AB"]=(1—Kk;)Pagks B][A]p- (13

of the model and reduce the complexity of the final formulas,
‘Measured ion signals are proportional to ion concentrations

consider a simple model for cluster growth and fragmenta-
tion that will nevertheless take into account all the importan S0 the signals can be taken as the jon concentrations without
foss of generality. The covarian€([A"],[AB*]) can then

kinetics in the reaction sequence Kd). above affecting cor- . : .
be expressed as the mean of the product of ion signal devia-
relations. This model is based on the following assumptions fions,

(1) A particles are monomer£2) exponential kinetic formu-
las can be approximated by the leading linear terms in their

Taylor series expansion$3) cluster growth ratek,[B] is C([AT],[AB])= 5 Z (A[ATT,A[AB™])
given in units of growth probability/unit time the cluster =t
spends in the molecular bearf#) fragmentation rate; is =(A[AT]A[AB*])

given in units of fragmentation probability/unit time the clus- it
ter ion spends in the ion source of the mass spectrometef!t
and (5) concentration dilution with increasing distance from A[AT]=[AT],—([A*]),
the nozzle is the same for all species in the molecular beam.

Then concentrationgA] and[ AB] of particlesA andAB at A[AB"]j=[AB"]i—([AB"]), (14)
the end of the growth phase are related to the initial concen-
tration[ A], of particle A before growth by (Ix* ]>_ E [X*],
[
[A]=(1—ka[BD[Alo, tS)

B The ion signal deviationd[A*] and AfAB*] can be ob-
[AB]=ka[BI[Alo- ©) tained by differentiating Eq$12) and(13), respectively. The
For cluster ions, algebra is tedious but straightforward. A number of fluctua-
tion terms in this expression are zero. Denote the mean of the
AT]=PA[A]+k:PAg[AB], 10 .
[ATI=PALAT+kiPAsl ABI (10 product of two fluctuationsAa and AB as (AaApB). If
[ABT]=(1—k;)PAg[AB]. (11) these fluctuations are independent{AaApB)=0.
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For example (A[A]pAP,) = (A[A]pAPAR) = (A[A]gAks)  (APAAK;) and{AP,gAks) will be zero because the number
=(Ak,[B]AP,) = (Ak,[B]APAg) = (Ak,[B]Aks) = 0.  of absorbed photons by each cluster does not change with
Nozzle fluctuations can leav&\[A]pAk,[B]) nonzero and laser fluctuations. The covariance betwgéri ] and[AB*]

laser fluctuations can leave(AP,AP,g) nonzero. is then given by

C([ATL[AB™])=(Pa(1~ k[ B]) +KiPagkal B]) (1~ ki) Pagka[ BI((A[Al0)?)
—(Pa—KiPag) (1~ Kk;) PAs[ AT5((AK [B])?)
+ (1 Kkg)Pag(Ka[ BI(—Pa+Pagks) + Pa(1—k[B]) +KiPagka B)[Alo( Ak [ BIA[ Alo)
+ (1= k[ B])(1—K) ko[ BILAI§(APAAP Ag)
+ki(ka[BD*(1—k)[AT5((APAg)?)
— Pas(ka[ B)2[ATX(Akp)?). (15

The first three terms on the right-hand side of Etp) are  Thus cluster growth%lf) and cluster fragmentatiore( )
growth related, the fourth term is laser intensity fluctuationcontributions to the covariance map matrix elements can be
dependent, and the last two terms are fragmentation relatedetermined through the laser intensity dependence of the co-
Note that if ionsA™ andAB™ are not coupled by fragmen- variance.
tation (k;=0), the last two terms are zero. The fourth termis  Expressions for the variances or diagonal covariance
nonzero only if laser intensity fluctuations are significant. matrix elementsC([A*],[A"]) andC([AB*],[AB*]) can

The first four terms of Eq(15) scale with(laser inten- also be generated. The variances differ from the covariances
sity, 1,).2 Terms 1, 2, and 3 are proportional tB{P,g) or  in one major way: fluctuations of the ionization probability
(PagPag) times products of correlated fluctuations that oc-contribute to theC(x",x*) and C(y*,y") in the form
cur prior to ionization. The ionization probabilities scale with ((AP,)?) and{(AP,)?) but not{(AP,AP,)). This differ-
I, and thus the dependence on laser intensity of these threce clearly is expressed by the fourth term in ELp).
terms follows. Therefore, these growth terms scale \)\ﬁth These contributions are now present even if the fragmenta-
The fourth term in Eq(15) is proportional to{ AP,AP,g)  tion contributionk; is small or zeroAP, and AP g result
times factors not dependent on laser power. The only corrdrom the statistical nature of the ionization processes and the
lations betweerP, and P, are laser fluctuation induced, small number(~10) of ions/mass peak, so the expected
and thus(AP,AP )< (AIZ); (A12)oc(1?). Terms 1-4 of Poisson fluctuations are-30% in the ion signal(as ob-
Eq. (15) scale Withlf. Term 5 is proportional t§(APag)?) served. ThusAP, andAP4g are the prevailing fluctuations
and terms independent of laser power. The scaling of thior the variances, while the growth terms are the prevailing
term with laser intensity depends on the nature ofAfi,;  fluctuation source for the covariances. Hence, the signal vari-
fluctuations: if laser fluctuations dominaté(APAg)2) — ances,C([A"][A*])=0?([A*]) and C([AB*],[AB"])
«((Al)2)I2, if Poisson ion count fluctuations dominate =¢>([AB"]), will scale as signal or laser intensity. This
((APag)Y)<[AB ]l . is the reason that the neutral cluster growth dominat-

Normal laser pulse intensity variations ar@% and se- €d Y([A"L[AB"])=C([A"L[AB" /o ([A"])o([AB"])
lected pulses can be as low as 3%-5%. No change in tH#0€s not become signal intensity independent as should be
signal behavior or correlation coefficients is observed uporfxPected.y([A"],[AB"]) still scales as the laser intensity
pulse selection, and thus laser power fluctuations are ndtecause covariances are growitf)( dominated and vari-
dominant contributions to our results. Thus term 5 in Eg.2nces are ion fluctuation dominateq ).
(15) should scale ak, .

Term 6 in Eq.(15) is proportional toP3g, times fluctua- i1, APPLICATION OF MODELING RESULTS TO THE
tions of the fragmentation probabilitf{ Ak)?). In these ex- FRAGMENTATION OF T,W} CLUSTER IONS
perimentsk; fluctuates due only to the statistical nature of

the fragmentation process, and this fluctuation will depend F|gu£e 5+ shows that the_ covariances

on the number of ionsP2((Aky)?) will thus scale withi, .~ S([T2Wn ]v[T2W+k 1) (n,+kT/21—4) scale with the power
In summary, covariance terms due to cluster fragmental-6=2 0f (TaW, J[To2W J)™. In these experimentsx” ]

tion [terms 5 and 6 in Eq(15)] scale linearly with laser !t @nd thus the covarianc€{[x"],[y"])=I """ Figure

intensity, and covariance terms due to cluster groftehms 6 gives a linear plot for the covariances and a fit to the

1, 2, and 3 in Eq(15)] scale quadratically with laser inten- relation

sity. Laser intensity fluctuatiorjserm 4 in Eq.(15)] are only C([TzWrT],[TzWE])=A([T2W§][T2Wk+])”2

small contributors to the covariance in our experiments and

can be further de-emphasized through laser pulse selection. +B{([TaW, I[TW DYA2
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60.] C.([x"1.[y"]) depends on through the product of the sig-
nal intensities, andCa([x+])\l,[y*]M) is related to

Ca([x 1, [y 1)) through the ratio of the signal intensity

products ai; and\y. The subtraction can then be made and
Cf([x+]x1,[y+]}\l) can be determined. Specifically,

SR Cf([X+]>\l,[y+])\l)

Z 204

g 10- = C([X+]>\l,[y+]>\l)

S

3 °7 e XTIy 1, e Ty
[X+]}\O[y+])\0 ([X ]AO![y ]}‘O) .

As discussed in Sec. V, the correlation coefficients
y([TWH 1 [TWE ) (n,k=1,...,4) and corresponding
covarianceC([T,W, 1,[ T,W, ]) are measured as functions
of the ionization photon wavelengti\{). The wavelength
of the ionization lasek is scanned across the fragmentation
SIGNAL () threshold for the JW, —T,W*+W fragmentation channel

(see Fig. 4 Using the above approach, the
FIG. 6. Solid lines: Dependencies of covarian@J,W; ,T,Wy) on the Cf([TZW:],[TZW;]) covariance matrix elements are deter-
geometric averagd of the signal intensitied (T,W,) and I(T,W;"), mined for|n—k|=1. Forn=2, k=1, the results are quite

_ . . f : S ] ) ) )
1= (1 (TWy ) -1(T2W )) from Fig. 5 plotted on linear scale. Dashed lines: gjmjjar to those obtained by the plotting technique discussed
Linear signal intensity dependence componeAtsof the covariances

obtained by fittingC(T,W, ,T,W;)=Al+BI% The uncertainty of the above: Zf([TZWgt]v[TZWJr])NlOi?% (see Fig. 7 and
least-squares fits are indicated by error ba:—C(T,W; T,W") y([TW5],[T.WT])~45% (see Fig. 4 That is, the frag-

=(0.310.13)l +(0.029*+ 0.004) 2, VY—C(T,W3 ,T,W")=(-0.01  mentation contribution to the total covariance is small for
=0.06)l +(0.025+= 0.004) %, & —C(T, W, ,T,W*)=(0.22+0.17) this system.

+(0.023+0.009) . ®—C(T,W5 ,T,W;)=(0.09+0.06) +(0.017 : ;

+0.002)2. W—C(T,W; T,W;)=(0.33+0.18) +(0.023+0.006) 2.*— c '_:_ow+deTte\;\r/n+|ne dtrg:e Tfr\;a:/qrme_r;t?/sgn r(]:omponelnts
C(TZWZ ,T2W3+)=(0.03t0.03)|+(0.020t0.002)2. f([ 2 3]1[ 2 ]) an f([ 2 4]![ 2 k])a the signa

intensity  dependence  of C,([T,W3][T,W*]) and
C.([T,W;1,[T,W;]) must be estimated. To do so, the
The term linear in [(TZWrT][TZWQ])l’2 signifies covari- model must be expanded somewhat to include sequential
ance contributions due to cluster ion fragmentation, and thend/or parallel cluster growth reactions. The reaction dia-
quadratic term signifies contributions due to neutral clustegram for T,W; ions, for example, consistent with experi-
growth. The main conclusion to be drawn from these data isnental observations is

that the contribution to the covariance matrix elements mea- v Pasc
sured is mainly due to cluster growth and not cluster frag- — ABC— ABC"
mentation. In principle, the fragmentation and growth com- A
ponents each could be quantified separately by this
procedure; however, more experimental data points would be ka2 [C] kf2
needed to reduce the fitting ambiguity. = Y
An algebraic approach could also be employed to ka. [BC] AB AB AB* k
retrieve the small fragmentation compone@rf([x+]>\l, 3 fq
[y+]x1) of the total covariancé:([x*]xl,[y*])\l) matrix el- A
ement(measured ak, ionization wavelengthin the pres- ka1 [B] kf1
ence of a large growth component for the measured covari- ) Y
ance. |If C([x*]ho,[y+]>\0) is the covariance measured A A - At
at Ny below the fragmentation threshold so that
C([x*])\o,[y+]x0)=Ca([x+]x0,[y+])\o) the growth contri- (16)

bution,  then {C([x" 1 .Ly 1) = CallX" Tip[Y " Ih)}  in which A=T,W, B=C=W, andBC=W,. Assuming that
should be equal tCi([x" ]\ ,[y"]),)- Since the covari- Ak, [B] and Ak, [C] are small compared ta[A], or
ance depends on signal intensity, however, theak, [BC], one can apply the same reasoning given above to
Cal[X"Ixy[y"15,) must be corrected for the actual signal gytract the appropriate covariances. Two situations can arise
intensities ai; ([x"],, and[y"],,) before the subtraction for which this approach holds: cluster growth fluctuations
can be made to obtatﬁf([x*]xl,[yﬂkl). The algebrato do occur at the early stages of growth; angM+W,—T,Wa.
this is tedious but straightforward. Note that if k¢,=k;,=0, C([A"],[ABC"]) would
Below the fragmentation threshold;([x*],[y*])=0. be caused entirely by cluster growth. Figure 7 displays
If laser fluctuations are small<5% as selected then these results for y¢([T,W, 1,[T,W,]). Note that
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(T WT W) YT WT W) (—T,W*+W) ions are independent of one another and thus

J— e R po o T WA, uncorrelated, except for a very narrow range of energies.

T AT W F|guie 8 displays dep(_andenC|es+of _the density (_Jf states of
T,W, and the probabilities of W, either to remain intact
s 1 104 or to fragment as functions of cluster ion enefgyeakdown
- | | curves. Consider these ion energy ranges:E,, in which
N — 0 U h T,W, does not fragmen&,>E>E,, in which LW, may
Raznill \J{ I , V‘ or may not fragment, anB>E,, in which T,W; will frag-
71200 71600 72000 72400 | 71200 71800 72000 72400 ment with high probability. The probability to populate a
2-PHOTON ENERGY (cm-) 2-PHOTON ENERGY (cm™) particular ion state depends on the properties of the final

state but is independent of ionization photon endag/long
FIG. 7. lon fragmentation components of the correlation coefficients,as the photon energy is higher than the energy of this ion
¥i(TWy , T W), as functions of the two-photon energy obtained by scan-giatg The density of states in these three regions is assumed

ning the ionization laser photon energy across the threshold for the tant d th b fi d d withi .
T,W; —T,W*+W fragmentation channel. Note thgt(T,W; ,T,W") in- constant an € number of 1ons produced within a given

creases as the fragmentation channel opens wWhild,W, ,T,w;) (n  €nergy range is simply proportional to the number of states
#2, k#1) are zero within the error bars, as should be expected. with energies lower than the photon energy. lons falling in
the rangeE;>E>E, will contribute to the covariance
C([TW, 1[T,W']); whether or not ions in the rangds

T,W!1,[T,W, ]) is nonzero only fom=2, k=1, con- : _
Yi([ToWn 1.[T Wi ) y <E, and E>E, will contribute to C([T,W; 1,[T,W*]) de-

sistent with BW, —T,W*+W being the only open frag-
mentation ch-gnnzeT 2 g y op g pends on ionization efficiency. If the ionization efficiency of

We have demonstrated that the covariance matrix elel 22 IS small, therl no correlgtion will exist for these wo
ments and correlation coefficie@([T,W, ],[T,W, ]) and groups andC([T;W; .[TW]) will not be affected by these
Y([T,W 1,[T, W, ]) are dominated by tner;ns that scale asions; if, on the other hand, the ionization efficiency is large

n 1

that most JW, are ionized, then one ion population will
12[oc([T,WST,[T,W )] and that these terms must be re- 5° 2 by o
lated to cluster growth. The question now arises: why are tth generated at the expense of the otB¢fT,W, 1[TW™])

fragmentation contributions to the correlation coefficientsWIII be affected by this contribution and the covariance

and covariance matrix elements so small when & Tion would be negative if this contribution were dominant. Since
current increases by a factor of 5 due to fragmentation? Noth!iS 1attér possibility is not observed, we must conclude that

that the reaction discussed earlier '{WW3H++benzyI is the ionization cross section for these clusters is small. Thus
t H + + . .
not growth dominated for obvious reasons and the covarit([T2W2 J[TW']) Jis small because(l) the difference

_ i - 1 ionizati i
anceC([TW; ],[W3H*]) does reveal fragmentation behavior ‘ —1 E‘?) is small ( _400 cm ) and (2) the |on|zat|?n effi
as different fragmentation channels are opened. ciency is low for this system. Fluctuations ji,W"] and

3 ; . .
We have argued in Sec. | that fluctuations due to cIusteLTZWZ] signals  thereby ~contribute to the variances,

fragmentation should be higher than those from cIustesz[TZWi] and+ UZ[TZ_W;]’ bUt_ not the _covariances
growth and that correlations due to fragmentation should, ir> ([T2W2 1[T2W™]). This mechanism is consistent with the
general, be expected to be higher than those due to clust8fEP Pehavior ofy([TW, [,[TW™]) and its constancy fol-
growth. Nonetheless, data show that for the/I, system, lowing the step in théEo, E,) region.

cluster growth contributions dominate the covariance. One Fragmﬁntatmn Fhresholds are (I)ften not known for a syls-
possible explanation for this behavior is that formation oftem and the covariance cannot always be measured below

these thresholds. In such instances, the two components
(growth and fragmentatigrcontributing to cluster ion corre-
lations may not always be separable; nevertheless, the idea
that theC([A"],[AB™]) varies with the product of signal

stable LW, ions and formation of the unstable, W,

Breakdown curves

. PTW,*>T wew) 1 . o . e
P(TWy) / N TV fd intensities] A" J[AB" ]12 suggests the following definition
Q ; @ (Tt 1y -
N o(T W, = of a normalized covarianc€([x"],[y™ ]):
& z
o 3 — C(Ix"1Iy"D
= 3 CUX" LY D=—Frro— 17
z 3 Iy
g 3 As shown above, this normalization of the covariance re-
> 8 moves the major source of laser intensity dependence of the
2 'ij covariance due to the cluster growth component. Note that
i . 3 C([x*"],[y*]) is different fromy([x*],[y*]) as the corre-
. " = lation coefficient relates the product of correlated fluctua-
W, lonization Energy E, E, tions to the product of acorrelated and uncorrelatefiuc-

ENERGY (E) tuations through the variancesC([x"],[x"]) and
o , , _ CUY*LIY'D. v(IA*]1.[AB*]) removes the laser and sig-
FIG. 8. Schematic diagram showing dependencies of the density of states Wal intensity dep_endence for fragmentation dominated cova-

T, W3 [p(T,W;)] and the probabilities of JV; to remain intact . + 4 .
[P(T,W)] or to fragmenf P(T,W; —T,W*+W)] (breakdown curvesas  1ance, wherea€([A™],[AB™]) removes this dependence

functions of cluster ion energy. for growth dominated covariance.
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AnAr ¥ a. CW nozzle, 1-Color ionization The normalized covariance<([AnAr, ],[AnAr’]), n,
n=to, k=1, ...,12, forboth expansions are given in Table V. The
‘s C values are different for both the experiments, but the pat-
tern is the same: The normalized covariances are indepen-

6 7 8 9 1011 12

7}
=
z
5
o 0 i
X g0 b. Pulsed nozzle, 1-Color ionization dent Of+ C|US'[e+I’ size. For the pulsed nozzle,
< ] C([ANnAr, 1,[AnAr, 1) ~0.025+0.010 and for the cw nozzle
S C([AnAr J[AnAr, ])~0.070+0.010. Clearly these correla-
= n k
2 204 tions are not dependent on pulse-to-pulse nozzle fluctuations.
Mool o The normalized covariance matrix elements, as described in
% 30 c. Pulsed nozzle, 2-Color ionization Sec. VII, are employed here to present the Anéarrelation
<z( 20 . data because the covariance matrix elements are again shown
Q ] 1011 92 to scale with the signal intensity product of the two ions
n ] involved in the correlation.

0 T T T The careful two-color, two-photon ionization spegtlrum

TIME OF FLIGHT (us) of AnAr,, clusters with excess energy at AnAref500 cm

and about 1100 citt at AnArg is shown in Fig. 9, as well.

FIG. 9. The mass spectra of the ArjAcluster ions obtained from different  The intensity distribution of mass peaks is different than that
fslupefsonilce ”%Zrlﬂecsofgdig:gz;girzg)fenl}éc;rgzggg; gogﬂzi?)f)?r'igﬂ?;;fgn' found in the one-color ionization spectrum and the difference
a(r)l\cljv (?:?Z;uls’ed nozzle, two-colo(negr-threshol)j io’nization. The corre- LS, Qf course, due _to the r'1ear.Iy (,:0m,plete elimination of clus-
sponding normalized covariance matrices are shown in Tables V(2),  ter ion fragmentation. This distribution peaks at abott
and VI, respectively. but the signals are quite weak due to the required low inten-
sity of the excitation laser beafm-20 uJ/pulsg. The ioniza-
tion beam energy is-2 mJ/pulse in this instance. The ap-
pearance of the spectrum notwithstanding, the normalized
covariance matrix elementsee Table V) are nearly identi-

These two cluster systems are chosen for study becausal to those presented above and are constant throughout the
neutral cluster growth is found to be the dominant contribu-covariance map. This should not be surprising as, for the
tion for the covariance mapping of the toluene/water systemsystem parameters appropriate for van der Waals clusters,
The argon clusters of anilin@An) and 4-fluorostyrenéFS) growth behavior is the major contributor to the covariance.
should present a simplified picture and one through whiclFragmentation due the one-color AnAionization is rapid
the growth terms in the covariance matrix can be more caretaccording to RRK* estimates and dominates the appear-
fully and more thoroughly probed. Both Knight and ance of the ensuing cluster ion mass distribution.

VIlIl. CLUSTER GROWTH DYNAMICS OF
ANILINE/ARGON AND 4-FLUOROSTYRENE/ARGON

co-workers® and Brehignac and co-workets*2have done What can be concluded about cluster growth dynamics
detailed energy, simulation, and cluster studies of these sysrom the observation thaC([AnAr, ],[AnAr,]) are inde-
tems. pendent of cluster size andk? Using a simplified probabili-

In spite of the strong similarities in the structures andties model for cluster growth, one can demonstrate that fluc-
stabilities of AnAp, and FSAy, clusters, their apparent one- tuations of argon concentration in the beam and fluctuations
color mass spectra are quite different. AjAcluster ion  of the cluster growth rate coefficients have a cumulative ef-
intensity in a mass spectrum steadily decreases with increagect; that is, the number of fluctuation contributions to
ing cluster sizen, while the FSA} cluster ion intensity has a E([AnAr,f],[AnArk*j) grows with cluster sizen and k.
number of local maxima at=4, 8, 20, with the most intense gjnce the measure@d([AnAr. ],[AnAr, ]) are almost inde-

feature in the spectrum at~4, 8, or 20 depending on ex- pendent of cluster size amdandk, the contribution to the
pansion conditions. This difference in cluster distribution bej,,ctuations as cluster size grows must be negligible. This

havior for AnAr, and FSA, is suggested to be due to cluster g,gqests that the fluctuations related to reactions AnAr
fragmentation. One-color, two-photon ionization of FRAr | Ar_,AnAr, ., i=1, are small. Moreover, fluctuations of
gssentlally creates ions in their ground wbra_tl_onal states Withyization probabilities\ P, AP, are correlated only through
little excess energy, while the same conditions for APAT |aser intensity fluctuation. These terms are shown to be small

creates ions with as much as 6000 crof eXcess energy. py |aser pulse selection. The normalized covariances are thus
We study these two systems because this suggested d'ﬁ%épendent most importantly on terms of the form
ence should be readily measurable with the covariance map-

ping analysis presented above and should lend more weight ({A(Kq_ 1[AnJ[Ar])}?)
toit (Ko_1[An]J[Ar])?
A. Aniline/Ar clusters

with ky_,; being the rate coefficient for the formation of
The mass spectrum of AnArcuster ions ionized by a the AnAr cluster (“dimer”). Thus, the measured
one-color, two-photon process through the Sp—S; is  C([AnAr,. ],[AnAr, ]) are consistent with a model in which
shown in Fig. 9. Spectra from pulsed and continuous nozzlethe dominant fluctuations occur at the first step of the cluster
are essentially identical. As reported previousthe cluster —growth sequence and propagate to clusters of larger sizes as
ion intensity decreases with increasing cluster size aggregates grow by argon condensation on AnAr. The dimer



J. Chem. Phys., Vol. 109, No. 11, 15 September 1998

Foltin, Stueber, and Bernstein 4353

TABLE V. Covariance mappings for AnAr cluster ions from a@ pulsed nozzleexpansion ionized by
resonant two-photon, one-color ionizatiffor the corresponding mass spectrum see Fi@)]%nd (b) cw
nozzleexpansion ionized by resonant two-photon, one-color ionizdfienthe corresponding mass spectrum

see Fig. %a)].

lons AnAr -
AnAry C(AnAr} ,AnAry) y(AnAry ,AnAry) C(AnAr; ,AnAr.)

(@
AnAr;, AnAr;; 0.037£0.012 0.127+0.040 0.14
AnAry, AnAry 0.027+£0.009 0.112£0.040 0.24
AnAry, AnArg 0.027£0.010 0.120+0.040 0.33
AnAry, AnAr; 0.019+0.010 0.088+0.040 0.27
AnAry, AnArj 0.011+0.009 0.051+0.040 0.17
AnAry, AnAr* 0.013+0.009 0.056+0.040 0.24
AnArg AnArg 0.026+0.010 0.122+0.050 0.52
AnArg AnArg 0.019+0.007 0.096+0.040 0.64
AnArg AnAr* 0.022£0.008 0.111+0.040 0.94
AnAr; AnArg 0.025+0.007 0.149+0.040 1.6
AnAr; AnAr* 0.027+0.007 0.160+0.040 2.2
AnAr; AnAr* 0.025+0.006 0.145-0.040 25

(b)
AnAry, AnArj; 0.059+0.012 0.219+0.050 0.68-0.16
AnAry, AnAr 0.066+0.012 0.269+0.040 1.4-0.27
AnAry, AnArg 0.066+0.011 0.277+0.040 2.}0.38
AnAr}, AnAr* 0.068+0.008 0.287+0.030 2.8:0.35
AnArg AnArg 0.074+0.009 0.334£0.040 2.9-0.42
AnArg AnArg 0.068+0.009 0.325+0.040 4.6:0.50
AnArg AnAr* 0.071x0.007 0.348+0.030 5.4-0.52
AnAr; AnArg 0.077+0.009 0.379+0.040 6.9-0.83
AnAr; AnAr* 0.071+0.007 0.362+0.030 8.2:0.76
AnAr; AnAr* 0.082+0.007 0.416+0.030 12.¢1.1

formation is then a distinctive step in the growth sequenceB. 4-fluorostyrene/argon
and may dominate the subsequent cluster growth.

The mass spectrum of FSAtlusters is presented in Fig.

Thus, even though a one-color, two-photon ionization of . . e
. . 10. In this system the cluster ion distribution appears to peak
AnAr, clusters generates extensive fragmentation, enough tot 4.8 20. lonic cluster f tation d t alter thi
change the neutral cluster distribution as uncovered througﬁ n~%, 6, 0. omc.c U_S er ragmentation does n_o 6} er. '?
careful two-color, two-photon ionization, cluster growth ang9rowth generated distribution because one-color ionization is

particularly dimer growth, kinetics seem to dominate the co-Very near threshold ionization. The distribution changes as a
variance map. This result is consistent with toluene/watefunction of argon pressure, but the multinodal pattern re-
data and the need for a three-body collision to form themains reasonably constant. The mass resolved excitation

dimer but not larger clusters. Dimer formation is both ratespectra of FSA;, n=1,2,4...,22, clusters are shown in
controlling and correlated fluctuation dominating. Fig. 11.(Note that fom=4 these spectra are similar to those

TABLE VI. Normalized covariance E) matrix for AnAr, clusters ionized by resonant two-photon, two-color near-threshold ionization. The standard
deviations(20) of the normalized covariances ate0.013. The corresponding mass spectrum is shown in Fay. 9

AnAr* AnAr? AnAry AnAr; AnArg AnArg AnArs AnArg AnArg AnAr,
AnAr* 0.050 0.043 0.031 0.026 0.043 0.042 0.041 0.042 0.030
AnAr, 0.034 0.031 0.035 0.035 0.036 0.025 0.050 0.040
AnArj 0.026 0.026 0.035 0.023 0.022 0.032 0.034
AnAr; 0.030 0.032 0.028 0.027 0.046 0.027
AnArg 0.032 0.032 0.031 0.039 0.035
AnArg 0.038 0.036 0.048 0.048
AnArs 0.041 0.047 0.048
AnArg 0.050 0.053

AnArg 0.071
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TABLE VII. Signal intensity correction factors for FSArcluster ions ac-

100 n=2 4 FSAr + 3620 A . ' . . .
—UL m n counting for cluster size variations of tH&«—S, photoabsorption cross
0 T Tl Y T T T T i itati C

T section at excitation energy of 34 282 chn

=
kam |

01)& e e
ML@E@I@M
20-‘U FS— 3740 A
UL@immm

TIME OF FLIGHT (us)

SIGNAL INTENSITY (mV)

FIG. 10. The mass spectra of the F$Agluster ions obtained for different

FSAr, Correction
FSAr, 0.960
FSAr 0.997
FSArg 1.045
FSAr, 0.994
FSArg 1.028
FSAr 1.078
FSAr, 1.182
FSAn; 1.248
FSAr, 1.428
FSAr; 1.541
FSAr, 1.630
FSAr;s 1.707
FSArg 1.768
FSAr, 1.248
FSArg 1.117
FSArg 0.993
FSAm, 0.942
FSAr; 1.163
FSAr22 1.276

pulsed nozzle currents. Note that increasing the nozzle current leads to
larger effective nozzle opening area and longer opening time. The effect is
similar to increasing the backing gas pressure, i.e., the cluster distribution
shifts to larger cluster size. Note the multinodal character of the FSAr

cluster size distribution. To guide the eyes, the FSAreak intensity
maxima have been fitted B-spline curves.

S, < S, FSArn

]
P N
L T n=20
~ B N
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=
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FIG. 11. The mass resolved excitation spectra of FSA=1,2,4 ...,22
clusters. Note a small progressive blueshift of 8e- S, absorption fom
<15 followed by larger progressive redshift for-15. The solid vertical
line indicates the excitation wave number (34 282 évused to record the
FSAr, mass spectra.

measured by Behignacet all? but are somewhat less re-

solved because we use 100% Ar rather than 5% Ar in He as
the expansion gas in order to observe larger clustditse
spectra for clusters with>4 are reported for the first time

in this work. They show an interesting cluster size trend. The
S5, absorption exhibits a small progressive blueshift
with increasing cluster size far<15 followed by a larger
progressive redshift fan>15. The vertical solid line in Fig.

11 indicates the wavelength (34 282 ¢t used to record
the mass spectra shown in Fig. 10. Table VII lists ratios of
the absorption band areas integrated between 34 150 and
34 400 cm? to absorption at 34 282 cm. The mass spec-
tral intensities can be multiplied by these correction factors
to correct the mass spectra with respect to the varying ab-
sorption cross section. Correction factors fier 10 are quite
small, which suggests that the cluster ion distribution peaks
atn~4 and 8 are not due to photoabsorption cross section
variations but are characteristic of the neutral cluster distri-
bution. The corrected mass distribution is quite flat between
cluster sizes 10 and 2@ig. 12. Such a flat distribution is
probably a result of superposition of two distribution
maxima; therefore we tentatively suggest that there exists a
third maximum in the neutral distribution peaking at

~ 20, but the existence of this node is less certain than that of
those ain~4 and 8.

The clear impression these spectra give is that larger
clusters grow at the expense of smaller ones:nthet local
maximum decreases as the-8 local maximum develops,
etc.(see Fig. 10 Compared to the AnArcluster distribution
for two-color, two-photon near threshold ionization, the
FSAr, distribution is similar but seems to develop more
maxima and to form larger clusters more readily.

Covariance mapping techniques can be employed here to
uncover more information concerning the origins of the ob-
served multinodal character of the F§Amass distribution.
The covariance matrix for this system is tabulated in Table
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FIG. 12. Upper panel: The measured, uncorrected ﬁsms_tnbgtlon ob- FIG. 13. Upper panel: The FSArmass spectrum obtained at low pulsed
tained at high pulsed nozzle current. Lower panel: Distribution corrected,,,;j cyrrent. The corresponding normalized covariance matrix is shown in
with respect to varyings,— S, absorption cross sections with the cluster Tapje viI. Lower panel: The measured distribution from the upper panel
size_ employing correction factors fro_m Table VII. The cprresponding nor- (@) fitted by a sum of two log-normal distributiongA(n) and x,B(n)
malized covariance matrix is shown in Table(ee also Fig. 11 (solid line). Also shown are the individual distributiorsA(n) andx,B(n)
and the normalized distributios(n) andB(n). Note that the distributions
A(n) andB(n) are used to simulate the pattern of cluster intensity fluctua-

VIIl and is associated with the mass spectrum displayed mions_to obh_ain simulated covariance matrix shown in TabléfoX details of

Fig. 13. The spectrum is obtained with a small pulsed nozzld'® simulation see the text

opening and low pressure. Under these conditions the mass

spectrum peaks at cluster size 4 and has a small shoulder

at n=7-8. Notice that for any particular cluster size  sities; and(3) laser intensity fluctuation cannot generate this

C([FSAr, 1,[FSAR 1) (k<n) decreases with decreasing behavior and laser pulse selection3%) shows the same

cluster sizek. For cluster sizen>6, C([FSAr; 1,[FSAL ) results.

even changes sign &slecrease<C([FSAr! ],[FSAr_,])is _ The observed trends of the normalized covariances

always positive, shows a minimum at=5, and for larger C([FSAr! ],[FSAK]) are consistent with shifts of the cluster

cluster sizes if=13) reaches a high value 0.168 or aboutdistribution for neutral FSAy clusters from one nodal maxi-

40% correlated fluctuations fdrFSAr: ] and [FSAr_,]. mum to another: that is, with the distribution peakingnat

These trends differ remarkably from those found for the~4 giving rise to the distribution peaking at-8, giving

AnAr, system discussed above: In that case, the normalizedse to the distribution peaking at~19 on a pulse-to-pulse

covariances were all small, equal, and independent of clustédrasis. This behavior accounts for the decreasing normalized

size. covariances and their ultimate negative values as displayed
We conclude that the normalized covariances are all due Table VIII. In order to model this normalized covariance

to cluster growth(1) fragmentation is basically nonexistent behavior, two conditions must be satisfi¢dl) the averaged

in this system under the ionization conditions chos@pthe intensity pattern of the mass spectrum must be fit; @\

covariances scale wittf or the product of signal ion inten- pattern of cluster intensity fluctuations must be determined

TABLE VIII. Normalized covariancea) matrix for FSAE cluster ions produced at low pulsed valve curreias beam density The standard deviations
(20) of the normalized covariances are betwee®.004 (for values smaller than 0.05@nd +0.014(for values larger than 0.150The corresponding mass
spectrum is shown in Fig. 13.

FSAr"  FSA; FSAZ FSA; FSAZ FSA; FSAS  FSAf  FSAY  FSAR, FSAR, FSAf, FSAr,
FSArt 0.014 0013 0011 0006 0002 —0.005 -0.010 -0.016 -0.019 -0.021 -0.019 -0.018
FSAr 0.014 0012 0.008 0003 -0.002 -0.009 -0015 -0022 -0.023 -0.025 -—0.024
FSAL 0014 0011  0.006 0.000 —0.006 —0.014 -0.020 -0.023 -0.025 —0.026
FSAL 0012  0.009 0.005 —0.001 —0.009 -0.016 -0.021 -0.023 -0.025
FSAF 0.014 0.012 0009 0003 -0.002 -0.007 -0.011 —0.015
FSAR 0020 0021 0021 0016 0011  0.007  0.002
FSAR 0.034 0038 0037 0036 0030 0022
FSAr 0.060 0065 0066 0061  0.051
FSAR 0.094 0101 0100  0.089
FSAr, 0127 0132 0121
FSAr, 0.156  0.148
0.168

FSAr,
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TABLE IX. Simulated normalized covariancea[ matrix of FSAR+ cluster ions corresponding to the cluster size distribution displayed in Fig. 13. For

details of the simulation see the text. Note that the extraordinarily high valG§RBAr, ,FSAr) is a simulation artifacfarising when the parametgfsee
the texj is allowed to reach too small valugesnd should be ignored.

FSAr  FSA FSAf FSA;] FSA{ FSA{ FSAf FSA{ FSA{ FSAf, FSA;, FSAf, FSAr,

FSArt 0.707 0.076 -0.042 -0.104 -0.138 -0.149 -0.150 -0.150 -0.156 —0.170 —0.195 —0.237
FSAL 0.141 0.032 -0.017 -0.045 -0.057 -0.059 —-0.059 —0.060 —0.064 -0.072 —0.086
FSAr, 0.039  0.009 -0012 -0.024 -0.028 -0.030 -0.032 -0.035 -0.041 —0.049
FSAL, 0.016  0.002 -0.008 -0.014 -0.017 -0.019 -0.022 -0.026 ~—0.033
FSAR 0.010 0003 -0.002 -0.005 -0008 -0.011 -0.014 —0.019
FSAr 0.011  0.008  0.005  0.003  0.001 —0.001 —0.004
FSAR 0.013 0012 0011 0010  0.010  0.009
FSAR 0.015 0016 0016 0017  0.019
FSAR 0.019 0020 0023  0.027
FSAI, 0.024  0.028  0.035
FSAL, 0.035  0.044
FSAL, 0.057

which will yield the proper normalized covariance matrix simulated covariance tab{&able IX) are lower than those in
elements. A good qualitative fit can be achieved within thethe measured covariance talfleable VIII). This difference
following approximation scheme. may be attributed to the oversimplification of the modeling
First, fit the measured average F§Amass spectrum scheme, e.g., we assume that the total number of clusters
with a linear combination of two log-normal distributions formed does not vary from pulse to pulse. Table X contains
A(n) andB(n). This implies that the monomer aggregation comparable results for an experiment at higher pressures of
probability increases with some power of the cluster sizeAr such that the distribution of FSArhas these local
The position of the distribution&(n) andB(n) maxima are maxima atn~8,20.
atn=4 and 8, respectively. All other parameters are varied Apparently each local maximum in the multinodal
in the least-squares fitting program. Figure 13 shows th&SAr! cluster ion size distribution results from a different
measured cluster intensities, the bestxfiA(n) +x,B(n), set of growth kinetic parameters. The FSAdistribution
the individual distributions;A(n) andx,B(n), and the nor- shape is different than that found for AnAr The FSAy,
malized distributiong\(n) andB(n) both of which have the distribution is very sensitive to small random changes of the
same area. parameters in the supersonic expansion; these fluctuations
Second, fluctuations are chosen to have the fornshuffle intensity from one distribution node to another. A
yA’(n)—yB’(n) with y generated randomly from a normal kinetic model presented in Sec. IX will show that this case is
distribution with o~ 0.1x; . DistributionsA’(n) andB’(n) consistent with fast kinetic rates for both the FSAmen
have exactly the same shape &én) and B(n), but the formation and for the formation of larger FSAclusters.
positions of their maximg and k are allowed to fluctuate FSAr dimers must form rapidly while the density of Ar is
from cluster sizesi=4 andn= 38, respectively, with fluctua- still high in the molecular jet so that further cluster distribu-
tionsj—4 andk—8 generated randomly from a normal dis- tion patterns §~4—n~8—n~19) can develop. Because

tribution with o=2. the growth kinetics are fast, small changes in Ar concentra-
The covariance matrix is computed from 2500 datation have rather profound effects on the cluster distribution.

records. For each data record a new set of paramgterg, The reason the FSArcluster distribution changes dis-

is generated by a random number generator and the clusteontinuously ~4—n~8—~19) rather than smoothly is

distribution is calculated by the formula probably associated with cluster stability relations, associ-
L(n)=x,A(N) +yA' (1) +X,B(n) —yB' (n). (18) ated with the decrease of cluster growth rate upon closing of

solvation shells or half shells.

The calculated covariance matrix is presented in Table IX.

The agreement between thg experlmental results. in Tgbl&. SIMULATION OF CLUSTER GROWTH KINETICS

VIII and those calculated with the simple model is quite

reasonable. Clearly the trend of covariance values across or The covariance data suggest that cluster growth kinetics
down Table IX is like that in Table VIII. This fit suggests of FSAr, clusters are faster than those of ApAtusters. To

that FSAy, clusters grow in the manner modeled: A clusterelucidate which of the cluster growth parametelisner for-
distribution at lown value (~4) quickly forms and then mation rate, cross-section-size dependence, overall rates,
larger nodal patternsn(-8,~20) develop at the expense of concentrations, etcmight be responsible for this difference,
the smaller ong). The shuffling of cluster intensity from a simple numerical model is developed to simulate cluster
one mode peaking at=4 to the next mode peaking at  growth and its dependence on argon concentration, the AnAr
=8 is simulated here by varying paramegefrom positive  (or FSAn dimer formation rate, and the rates of subsequent
to negative values. Note that the covariance matrix elementsteps in the growth process. In the equations below R stands
are very sensitive to this growth behavior while the averagedor either the FS or An chromophore. The kinetics of RAr
mass spectrum of FSAlis not. The absolute values in the formation can be characterized by the rate equations,
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TABLE X. Normalized covariance&) matrix of FSA{ cluster ions produced at high pulsed valve currents. For sake of brevity, all normalized covariances
are multiplied by a factor of 1000. The standard deviati@a of the normalized covariances are betweeh004(for values smaller than 0.05&nd=+0.012

(for values larger than 0.050The corresponding mass spectrum cluster size distribution is shown in Fig. 12.

nnm 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
4 52 52 53 51 47 42 38 31 24 19 12 4-3 -7 -11 -14 -18 -23 -23 -23 -23
5 52 54 51 47 43 38 32 25 19 13 6-1 -6 -10 -13 -17 -20 -22 -23 -22
6 54 53 49 44 38 33 25 20 11 3-5 -10 -15 -18 -23 -28 -29 —-30 -30
7 54 49 45 40 34 27 21 13 4 -3 -8 -13 -16 -22 -26 -27 —28 -29
8 49 44 39 34 26 21 12 3 -4 -10 -15 -19 -24 -30 -30 -31 -32
9 43 39 33 27 22 14 5 -3 -8 -13 -17 -22 -27 -29 -30 -31
10 37 33 27 23 16 9 1 -4 -8 -13 -17 -23 -24 -26 -28
11 31 27 23 18 11 5 0 -5 -9 -13 -18 -20 -22 -25
12 27 24 20 15 9 5 1 -2 -7 -12 -14 -16 -19
13 25 23 19 16 14 10 8 3 0 -4 -5 -8
14 25 23 21 20 17 16 13 8 6 2 0
15 27 28 29 27 26 25 22 19 16 13
16 36 40 40 41 41 39 36 33 31
17 50 54 56 57 58 55 53 51
18 63 66 70 72 70 69 67
19 75 8 8 83 83 82
20 8 94 94 93 94
21 106 106 108 110
22 118 120 125
23 126 132
24 138
d(RAr,) factor for this simple simulation. This overestimates dimer
T=k<n—1>_>n[Af]<RAfn—1> formation in the later stages of the expansion. Additionally,
the assumption is made that
-k, Arl{RAr,), n=1 19
. . . n (n+1)[ ]< - n> ( ) [Ar]oad2 [Ar]oad2
in which [Ar] is the concentration of argon, a&Ar) is [Ar]= 2 o

the total flux of RA[ clusters at time in the expansion. The
rate constantg; are a function of buffer gas concentration for d the nozzle diametery=a(C,,C,) (see Ref. 1§ x the

1
([Bg]=Ar or He) in the beamk,_, ;1) can be expressed as downstream distance from the nozzle, anthe beam veloc-
ity (~1x10° cm/s), anc time. Then

ks,+1[Bgl7mh+1
" 1+Kksy+1[ B9l Tni1

in which ka,, is the bimolecular collision rate of RAwith

(20

Kn—(n+1=Ka K
n
Kn_(n+ n[Ar]= t_2

Ar to form the activated complex RAr;, ks, 1 is the col-  ith
lision rate of RA} ; with buffer gas[Bdg] is the buffer gas
concentration, and,_ ; is the lifetime of the activated com- K [Ar]oad?
plex. The lifetimer, ., increases rapidly with cluster size T
due to the increase in internal degrees of freedom. riFor (21)
>1 the mean cluster lifetime is greater than the mean time d(RArn) Kn 1 Kn
At <RArn 1> ) <RArn>

between collisions with the buffer gas; that kss,[Bg] 7, dt

>1. Under this assumptidk),_, ;1 1)=Ka, for n=1. Assum-
ing that this bimolecular collision ratka, increases with  This system of differential equat|0|[1§q (21)] can be solved

cluster sizeka can take the fornka,=k(n+1)%zis one of  in analytical form. With(RAr,)(to) =0, the solution is

the simulation input parameters. n-1 n xp[K (1h—11y)]
71 IS much shorter than all other,, because the dimer <RArn>:<R>OH E o (22)
has only three degrees of freedom for rigid R and atom Ar. =0 =0 1—[ (K;—K;)
Hence in the early stages of the expangithe growth pro- =0
j#i

ces$, ksi[Bg]m<1 andky_;<kapg=k. The ratioky_ 4 /k
will be the second input parameter in the simulation. Theln Eq. (22) (R), is the flux of RAn or FS from the nozzle,

relative rate of dimer formation to further cluster growth cant, is the time at which the temperature of the beam is low
thereby be explored for its effect on covariances and clustegnough for clustering to start, and the fliRAr,) of RAr,

distributions.kq_,, (the dimer formation rate constanwill clusters is calculated at tine-ty during the expansion. The
also decrease with distance from the noZziee of expan- final distribution at the end of the expansion is obtained for

sion) because of the decreasd Bg], but we will ignore this  14=0,
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n—-1 n
exd — K /tg] 0.15 . 0.10, . b
<RAfn>:<R>oH Kiz n irto _ (23) a. AnAr +, low |, b. AnAr +, high ||
i=0 =0 —
' U OI(K—K)) 2 010
i=0 E 0.05
j#i =
. x 005
Using kn_n+1=k(n+1)* n=1, we can expresK,, n f
=1, in the form g oool 000 .
=4 5 10 15 20 25 5 10 15 20 25
5 Hoo1s 0.10
. [Ar]oad z c. FSAr * low | d. FSAr * high |
K,=K(n+1)* with K=k — (24) 2 n v n v
v )
2 0.05

The parameteK, describing dimer formation can be ex-
pressed a& = (kq_,1/k)K. The final computational form is

exd — Ko—1 K/t ) 5 f0 15 20 200 5 10 A5 20 2
(RArn> Ko_1 ”1:[1 X k 0 CLUSTER SIZE (n) CLUSTER SIZE (n)
=——1I (i+17 -
<R>0 ko i=1 I (J + 1)2_ ko—’l FIG. 14. The corrected measurédbollow barg and simulatedsolid and
-1 k dashed linesdistributions of the AnAf and FSA}, cluster ions produced
by expanding simultaneously aniline and 4-fluorostyrene from the nozzle:
(@ AnAr;, low nozzle current;(b) AnAr; , high nozzle currentyc)
FSAr , low nozzle current; andd) FSAT , high nozzle current. Note that
n exg —(i+ 1)ZK/tO] at the same current the FSAdistribution peaks at larger cluster size than
+ z K P . the AnAr} distribution. The simulated distributions are obtained by fitting
i=1 0—1 . z : z_ g z simultaneously the low and the high current distributions with one set of
( k (I + 1) .1;[1[(1 + l) (I + 1) ] parameters. The dashed lines show fit of the FSdistributions when the
]j;ei cluster growth rate&,,_,,., for n=8 are lowered by 10%, which would be

consistent with solvation shell or half-shell closing at cluster size8 (for
(25) details of the modeling and fitting procedures and results, see the text

In this latter equation the cluster distribution is expressed as
a function of three dimensionless parameterk;_, /k, and
K/ty. Thez parameter models the change in cross section folow current (pressurg distributions, and 1.4K/t, and
Ar addition to RAy, as a function of cluster siza for n ko_.1/k are varied to fit the high currerpressurg distribu-
=1. The parametek,_,, /k expresses the rate of dimer for- tions simultaneously. The best fit for FSAclusters is found
mation relative to the clustering rates of larger clusters. Théor K/ty=4.6+=0.3 andkq_,;/k=0.85+0.15 (see Fig. 14
parameteiK/t, describes the absolute size of the clusteringand the best fit for AnAf clusters is found foK/to=3.75
rate. The first two parametersandky_,1/k, are character- *+0.25 andk,_ ;/k=0.85+0.15. Thus both the dimer for-
istic of the system studied/t, scales with[Ar]y in the  mation ratek,_; and the overall cluster formation rate
nozzle, with nozzle area, and with inverse timé, 1/K/tg K (k) are fastefby roughly 25% for neutral FSAy cluster
can model changes in backing pressure and pulsed nozztgowth than for neutral AnArcluster growth. If the relative
current and the clustering rate constalitsfor n>1. dimer formation rate constaky_.; /k is too small(~0.1), a

In order to compare the experimental and simulatedPoisson distribution of clusters is never achieved for any
mass spectra distribution for AnArand FSA[ clusters, overall clustering ratek/t,, and the cluster intensity de-
careful experimental intensities must be generated for bothreases with cluster size
systems under exactly the same experimental conditions The faster derived growth kinetics for FSAneutral
(e.g., timing, spatial distribution, laser powers, threshold ion<lusters is consistent with both the observed pressure depen-
ization, etc). Additionally, the parameter&/t,, kq_ /K, dence of the distributions and the FSAcovariance map
andz for both AnAr} and FSA}, clusters must also be com- matrix elements. The faster growth kinetics imply that smalll
pared to determined relative neutral cluster growth behaviofluctuations of the parameters in supersonic expangien
for the two cluster systems. Tlivo-colon AnAr, and(one-  the [Ar] concentration, temperature, etavill lead to rela-
color) FSAr, mass intensity distributions are determined si-tively larger cluster distribution changes on a pulse-to-pulse
multaneouslyby coexpanding aniline and 4-fluorostyrene in basis. This is consistent with the higher normalized covari-
Ar) to ensure that experimental expansion conditions arance matrix elements for FSArthan for AnAr, .
identical. The observed FSAMistributions are corrected for The final result to be fit by this simulation and modeling
absorption cross sections as described in Sec. VIII B. Thiglgorithm is the pattern in the mass distribution of FSAr
procedure is not necessary for Anfslusters for 2n<15.  cluster ions which shows local cluster population maxima at
Figure 14 shows data for two different pulsed nozzle currents-n=4, 8, 20. This behavior is consistent with a decrease in
(equivalent to two different cw nozzle backing pressysgs the Ar attachment rate at cluster sizes 4, 8, and 19. We
andp,, p,~1.4p,). model this decrease for small clusters{15) in the follow-

For the simulated fit to these results for AfjAmnd  ing way: K,=K(n+1)? for n<4,K,=0.81K(n+1)? for 4
FSAr distributions the three parameters of the fit are variedsn<8, and K,=0.7X(n+1)? for 8<n. Results of this
as follows:z=1/2, andK/t, andk,_,, /k are varied to fit the augmented simulation are displayed in Fig. 15. The best fit to
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0.15 tation makes a very small contribution to the covariance ma-
FSArn+ trix elements, as is confirmed by the AnAdata for both
one-color and two-color ionization, due to the low efficiency
T M of thel«+S; ionization step. Thus the growth of neutral van
0.10 1 sl " der Waals clusters is the major contributing mechanism to
0;/ N the correlation coefficient and covariance matrix elements.

. , The reason the correlation coefficient is laser intensity
dependent is that the variance matrix elements have different
contributions than the covariance matrix elements: the vari-
ance is more dependent on Poisson fluctuations of total ion
counts, which scale with,, than on the cluster growth con-
tributions to total signal fluctuation behavior, which scale
with 12,

These results compel us to define a normalized covari-
ance that can eliminate the laser intensity or signal intensity
FIG. 15. The corrected measurédollow barg and simulatedsolid and EOdUCt dependence of the usual covariance matrix elements:
dashed linesdistributions of the FSAT cluster ions produced at nozzle C([x*],[y")=C([x"1.[y " D/[x*1[y"]. In this manner

current lower than in Fig. 14but higher than in Fig. 18 The solid line  the normalized covariance that is growth dominated for these
shows the best fit without considering solvation shell or half-shell closing

effects. The dashed line is obtained by simulating solvation shell or hah‘-sys'“_ams no Ionger depends on the Slgnal intensities of the
shell closing at cluster sizes 4 and 8 by lowering the cluster growth rate¢w0 ions correlated.

Kn—n+1 by 19% forn=4 and by additional 9% fon=8. The AnAr cluster ion distributions created by one-color
and two-color ionization are very different due to the cluster
. . . . ion fragmentation cr: ne-color ionization; nonethe-
the experimental data is obtained by varying parametétrs on fragme tatq created by o e-color 1o ation; nonetne .
. ~ less, their covariances are nearly identical because the domi-
and ky_1/k and by decreasing,, at n=4 and 8(dashed i tribution to th ) trix el ¢
line, fitted parameter/to=4.1,ky_,/k=0.95). This fitis o+ CONIBULON 10 The covariance matrix elements comes

compared in Fig. 15 with the best fit to the experimental datf{rom the growth process.

obtained without decreasirig, (solid line, fitted parameters AR cluster ions are not fragmented by one-color ion-
K/to=3.9,ko_,/k=0.95). Note that the value df/t, for ization and their covariances are growth dominated. The

the distribution shown in Fig. 15 is lower than tiét, fitto ~ Mass spectral peak intensities have local maxima-a4, 8,

the cluster distribution shown in Fig. . This result is and 20 for this system. The normalized covariance for ESAr
consistent with the lower valve currefpressurgfor the data shows that highen maxima in the c_Iuster ion distribution are
displayed in Fig. 15. With these rate decreases about th@enerated from the lowen maxima by neutral cluster
“magic” numbers,n=4, 8 the FSAf cluster ion distribu- growth. The FSA[ neutral cluster distribution appears to be
tion is qualitatively fit. The drop in clustering rate at the a superposition of three broad, overlapping, log-normal-like
“magic” cluster sizes would be consistent with the idea of distributions peaking around cluster sizes 4, 8, 20. Small

-
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0.00 H
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]

5 10
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solvent shell closing. random fluctuations of the parameters in the supersonic ex-
pansion shuffle intensity from one distribution node to an-
X. CONCLUSIONS other on a pulse-to-pulse basis. This is consistent with fast

) ) ) FSAr, cluster growth kinetics. The maxima at-4, 8 and
Covariance mapping of mass spectra is employed @ couid be due to solvation shell or half-shell closing.
study the dynamics of neutral cluster growth and ionic clus- For both AnAr, and FSAY,, kinetic modeling and com-

::eg;ragmcentat_lon for the c_Iust:r fyStem?ZW” ' AtnAlrn, alr_ltd i puter simulations demonstrate that the dimer growth rates are
p . fovariance mapping data provide central qualitalive, , ‘o gqantial and controlling component of the growth pro-

information about cluster growth and fragmentation. In order ess. The dimer growth rate appears to be larger for FSAr

to achieve more quantitative understanding of the detaileﬁ1
. . . . than for AnAr, probably because FS has more low frequency
cluster growth/fragmentation kinetics, modeling of covari- .~ .
vibrational modes that can couple to the van der Waals space

ance data and mass spectral intensities are quite useful. d enh he lifeti f the di . d |
The T,,W,, system is studied to test the covariance map&"n¢ €nhance the lifetimes of the dimer activated complex.

ping technique for a system with weakly bound clusters anJhe cluster formation rate constants for RAn>1, clusters

one in which neutral cluster growth, cluster ion fragmenta-2r€ aiso larger for FSArthan for AnAr,.

tion, and cluster ion chemistry occur simultaneously. Cluster ~ 1€ covariance mapping technique has proven extremely
fragmentation can be observed for this system if growth conuseful for the analysis of the underlying processes generating
tributions to the correlation coefficients can be minimized.mass spectral data for van der Waals clusters: it has shown
Nonetheless, the major contribution to the covariance comei$ie importance of neutral cluster growth for the correlations
from neutral cluster growth in this system as demonstratetetween features in the cluster ion mass distribution. We are
by the correlation coefficient dependence on the ionizatiomow applying this technique to the study of very different
laser intensityl | , or equivalently on the geometric mean of clusters (MO, Ag,Xs systems to determine the relative
the signal intensities. In fact, modeling shows that fragmenimportance of cluster growth and fragmentation dynamics
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