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THE A+ Bx CONDENSATION ,REACTION:

CROSSED NOZZLE BEAMS OF Br,

AND (C1,), OR (NH;) CLUSTERS

Richard Behrens, Jr., Andrew Freedman, Ronald R. Herm
and Timothy P, Parr v

Inorganic Ma’tefials Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry, Universify of California, Berkeley
v B and |
'Ames Laboratory - ERDA and Department of Chemistry

Iowa State University, Ames, Iowa 50010%

ABSTRACT
Nozzle beams of Br2 and Cl2 or NH; have been crossed in a
molecular beam scattering apparatus; the Clz.or NH3'beam contained

(Cl,), or (NH;) clusters distributed such that the -in'ce'nsity'of a given

cluster, F,» decreased with increasing x for 1&£x£~50,

Mass, angular, and time-of-flight specti‘a of the scattered

neutral species all establish that the A + Bx - ABx*_ bimolecular con-

densation reaction is being observed, However, the data are unable to

*
P‘res ent address,
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distinguish between detection of a long-lived ABxP‘\ metastable complex

or of a decomposition product formed with low recoil velocity,

Product angular distributions are confined to a small region of labora-
tory scattering angle ®and peak at small but positive-®( ®@ = 0° and 90°
defined by clustgr and Br2 beam directions, :cevs‘pectively).» It is poipfed
out that ’chis sharp peaking atv vsmall-@is due to a numbér of experirﬁéntal’
factc;rsr, including a Jacobian factor varying as sin”% @ , and should -

bé a. universal characteristic of such condensation reactions in cr.ossed
beams. The data indjcate a high probability of fragmentation into

small daughter ions upon electron bomba'rdment (EB) ionization of an
ABx or Bx cluster for the range in x most sensitive to the measurementsv
(~10£x=~50). This in turn implies that the con_céntration of

neutral clusters in the beam can be seriously undérestimatéd if the
‘cluster ion mass spectra produced by EB ionization of the nozzle beam

are assigned assuming that fragmentation is inconsequential,
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Formation. of dimers ax;d larger clusters of neutral species bound

by weak electrqétatic or dispersion forces is ﬁow_ well established
in isentropic nozzle-beam expansions.. ‘The phenomenon was apparently
first carefully documented by Leckenby and co—workersl and by Milne
and Greenlz." Hagena and Qber‘c3 de_duced.'scaling,'la\\"zs and reduced
variables useful».i;n correlating thev-exte_nt of condens-ation in expansions .
from ‘stagnati'on chambers of differing source pres'sure, Py, t‘emperafur-e,
To., nozzlé diameter, d, and even gaseous species, |

A vériety of scé’cter'ing studies ®mploying these clusters have .'
Vréc.en'cly‘r appeared, Examples include e.lectron diff‘raction from Arx4 )
electron bombérdment (EB) ionization of (HZ)XS, and scattering of

and (N, from a’'surface 6._ ~The ability to generafe

Z)X’_ )x

intense cluster beams potentially extends the chemical domain of crossed

beams studies of bimolecular collision dynamics to include such diverse
topics as reactions pertinent to termolecular kinetics ', gas-surface
scattering as a function of surface size, and condensation of a probe

particle on a large cluster, Two recent crossed beara scattering

studies have exploited this condensation phenomenon, 1 King, Dixon,

and Herschbach 1 reported center-of-mass (CM) maps derived from

‘their measured laboratory (LLAB) angular and timc—of—fl_ight (TOF) |

distributions for reactive scattering in



(Cl,), + Br, =Cl, + 2BrCl R (R1)

2)2 2 ~Cl,

'~ and (Cl,), + HI~Cl, +ICl + HCL, 7 (R2)

Urena, Bérnstein, and Phillips 8 reported observation of K and Rb

condepsation' On(CH3I)x, i. e, A .
: * ) ..
M +(CH3I)_ = M. (CH3I)_ , (R3)

where x~ 4 and fhe asterick denotes a long-lived'meté.stable complex
pofen’cially capable of decomposition into a number»c;f product channels,
This pape;' géports cross‘ed beams studies of othe.r condensation
reactions. An ﬁncopdehsed Br2 rnozzlev beam has been croésed by a
Clz or NH, nozzle beam which c'éntained substantial concentrations of
he;iviel" clusters, 1 Figure 1 shows an angular dist‘ributidn of neﬁtral
~scattered species from Br, + (Clz)x measured for an m/e mass filter
setting corresponding to Bi‘C_l+ . By copventioh, the LAB scattering
angle, @, is méaéured from the (Clz)’; or (NI_-I3)x beafn with 8= 90°
take.n.as the Br2 beam direction.. This angular distributibn is very
unusual because almost all of fhe scattering is confined to a small
range of po.sitive_@ values near b® = 0°, The reinaindér of this paper
reports additional fnass, angular; énd TOF spectra of the scattered
signals which all.point to a cohdenéatibn of the Br, pfobe particle

(chosen because of favorable kinematics by virtue of"its*};eavy mass)'

on the (Clz)x or (NH3)x clusfers. i..e..



high vacuum chambers (~ 107%- 10
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. . .
Br, + (Clz)x. Brz' (Clz)x : - ~ (R4)
and Br2_+ (NH3)x - Brz' (,NH3)X . : (R5)

In referring to ‘reactions (R3), (R4), or (R5) as "cendensations”
througﬁout the ‘peper, however, it_shouid be neted th_at the data are
unable to vdisﬁti_nguish between actual detection of a long-lived metasta‘.bvl.e
complex and one of its decomposition pvroducts formed with a low recoil

velocity,

'EXPERIMEN TAL

The apparatus has been described prev1ously. 9 Each nozzle beam

is formed by expansion through a 0.010 cm diameter hole (0. 0125 cm
and 0, 0025 emlo throat thicknesses for beams 1 and 2 respectwely)
from a stainless steel stagnation chamber housed in a separate source
vacuum chamber pumped by a 10 in oil (DC-704) diffusion pump (~2x10 -4

torr). The nozzle beam leaves this chamber through a skimmer, traverses

~an intermediate collimation vacuum ch_a‘mbef (<10_5 torr), and finally

_enters the main vacuum chamber (<-'10"6 torr) where it is' intersected at

90° by the other nozzle beam, Skimmer deS1gn and measured beam con-
ditions durmg various experlments are given in Table I beam angular
widths (FWHM) were 1.1° (beam 1) and 1, 5° (beam 2) in Exps. II-V.
Extensive cryogenicv coolihg ie employed in the main chamber, but
none is employed 1n either collimation chamber or source chamber,

The detector, consisting of a Brink type EB ionizer and EAI Quad-250
mass filter, ie housed in a ne.s'.' of three differentially pumped ultra- |
-10

torr) which may be rotated about the

beam intersection region (BIR). The electron bombardment energy was
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nominally set at 110 eV throughout these experiméﬁts; actual electron
energies are likely to be lower and broadly distributed, howéver:
since thé ionizer is operated near the space charge limit, Since the
ionization éfficieﬁcy is low even for heavy clusters, the detector signal
is proportionéLl fo '.the number,c.;lensity of the neuj:rai species being ionized.
Neutral species écattere’d from the BIR reach the ionizer by traversing
two sqﬁare orifices: 0.38 c¢cm wide, 4.4 cm from BIR and 0. 30 cm wide,
18.4 cm: from the BIR. 'I.‘his first square orifice is replaced By an ‘
0.0075 cm diame.ter hole when measuring mass, ‘an-gul‘ar,. or TOF profileé '
of cither .nozzl'e ‘beam. A fast pulsing wheel is placed imfnediateiy in |
front of this first detector opening when measuring the distribution in
flight times (TOF spectra) of the neutrél specials to the ionizer (17,4 to
21,4 cm flight pé.th). The scattered signal is calculated aé ‘
Signal = N(1, 2)-N(0, 2)-[ N(1, 0) - N(0, 0)] (D)
where N(1, 2) refers to both beams on, N(0, 2) to beam 1 off, N(1, 0) to.
beam 2 off, and N(0, 0) to both beams off, Beam 1 was fufned on and
off at 55 Hz by means of a rotating chopp_ing wheel; a beam flag served
to turn beam 2 on or _off. Unless otherwise noted, all angular distribution
data points were collected by counting for 120 seéo_nds, i.e. 30 seconds
for each entry in Eq (1). Counti'ng times véried in TOF measufements.
Error bars, shown only if they are larger than a data point symbol,

were calculated as + [ N(1, 2) + N(0, 2) + N (1, 0) + N(0, 0)] 1/2
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No evidence for dimers or heavier clusters in the Br2 beam was

observed, However, clusters were easily discernible in the Cl2

?

or NH, beam which employed higher pressure and lower temperature
in the nczzle étagnation chamber, ‘- Figure 2 shpi;vs,» for example, a
mass spectrum of the Cl2 beam with resolved peaks extend'ing up to

Cl 5+; similar data on the NH, nozzle (Exp'. \'2) shoWed the presence -

1
of (NH;)_up to at least x = 6. The distribution of Clh"ﬂl~ sig_néls obté.ined
in the mass spectrum of the Clz nozzle of Exp, IIl is shown in Fig.v 3.
The intensity alternation for.even 'and'odd values of n in Figs, 2 and 3 is.
interesting, The anomalously high n =12 peak in Fig. 3 appears to bé
experimental error since the effecf tsn't appai'ént in 'Fig. »2 . In the
absence of any other type 6f data, -measurement'sv such as tho.éé sh;)wn

in .Figs. 2 and 3 might be interpreted as the distribution in cluster

sizes in the nozzle beam despite a'nﬁmbe;' of po_orly understood ex-
perimental parameters, The resolution and transmission of the
quadrupole mas sl filter ié not well understood. Data were collected at

an approximately constant Am/m setting which should produce a
‘transmission which is independent of or increases slowly with increasing
mass, For the relatafr_ely small cluster sizes of interest here (x <50-1060),
recent meausur'ements5 indicate that the EB ionization cross section,

Qi[ (Clz)x] . sho_.u.ld‘ “be pi‘opo‘rtio.nal to x, a relation consistent with tbe well-
known1 1 approximate linear dependence of EB ionization cross sectioh on
molecular polarizability. Very little is known, howgvér, about the very

“important question of the fragmentation pattern of the parent ion, In the pastz',
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fragmentation has often been assumed to be negligible. Although this

is likely to be a good approxirrration for the very small clusters, data
» ) .

presented later indicate extensive fragmentation of the larger clusters

observed here.'~ _

Figure 4 p“r.esents‘ TOF spectra of the c1é nozzle of Exp. I
measured at various 'Cln+v mass filter signals, These clearly -
indicate that Cl2 monomers are moving faster than are heavier ‘species
in the beam, ‘T'h.ere is also an indicatio_n of a slight_sh-ift *o longer
flight times and slower speeds with increasing n_.‘ Throughout this
" paper, measured TOF spectra are fit to corresr)onding number density
speetl distr-ibutions by convoluting over the pulsing wheel gate function
and the finite ionizer length, Most of the breadth of the curves of
Fig. 4 .are due to this finite apparatus tixne eresolution. These

curves are well -fit by nozzle number density speed distributions of

the form

p(v) = K v o3 exp| -(v-u)z/az] - . (2)
where K, a, andtr are adJustable parameters In interpreting measured
TOF spectra of scattered 81gna1s in a later sect1on, the (Clz) clusters
in the beam are all assigned the same speed distribution wh1ch is
arrived at By' fitting Eq. (2) to the TOF spectrum of the heaviest ion
signal measured in the nozzle beam; these speed di_stribution parameters
are listed in Table I, The TOF spectra of the Br2 beam and of the Cblz+

mass filter signal in the (CIZ)x beam were always well -fit by standard
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nozzle theory wherein the flow, u, and breadth, «, speed parameters
are coupled through the Mach number M,
2 N ) ..2 o1 o .
a” = aoz[l + (qp- CM/2C ] | | (3)

u=0,71 al\/lICP/CV] 1/2

where a_ = 2k 'T(‘) /m and Cvis calculated as suming translational and
rotational relaxation in the expansion process. ‘The fit of the C12+ TOF

spectrum to Eq. (3) suggests that the beam is not strongly condensed

since there is no measurable heat of condensation contribution to the

flow speed, u,

RESULTS AND ANALYSIS
Mass, angular, and TOF spectra of the scattered signal all point

to observation of the general condensation reaction:

A+B_-~AB*. | | (R6)
Mass Spectra of Scattered Si"gn'a1 -

Mass‘sca‘,ns‘ of the scattered signals were co_llected’firét in order.
to insure that It‘};e'massfilter sgttings emplbyed cor.responded to product
signals frqm reaction (R6) rather than elastic or inelastic scétterin_g
of Bx species in the beam.:. Figurg 2 illustrates that this procedure

consisted of insuring that: (1) the massfilter was tuned to a mass peak _
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in the s;cattered‘ signal; and (',2) this mass setting.coincided with a valley
in the mass Spe‘_ctrum of the Bx beam, In the Br, ,'+ (Clz)x experime.nts,
mass peaks in fhe scattered signal have been observed at m/e mass
filter settings'correspogding to 'BrCI+ BrZCI2 , Br2C14 , Br2C16 ,'

Br Cl Other mass peaks (e. g., BrCl BrZCI , (;13

+ +
Clg", and Br,Cl ", 2 '

2 2
were not examined and were probably present as well. S1m11ar];y,
mass peaks at BrNH, ', Br,(NH;),", Br,(NH,); ", ‘and Br,(NH;); " were

studied in the scattering of sz from (NH ) . This abﬁndance of mass

pedks in the scat’cered b1gna1 prov1ded the first 1nchcat1on of the occurence

of reactmns (R4) and (R5)

Angular Distributions of Scattered Sig’.nals
Scattered angular diétfibdtiOns measured at the BrC1t massfilter

setting for two different Cli stagnation pressures (Exp, II) are shown in

Fig, 5, Figuresv'vl and 5 indicate that the quantitative shape of the prc1t

ahgular distribﬁtion is dependent on the Cl2 stagnation pressure, peaking
" more sharpiy‘ near ® = 0° with increasing Po’ _Nev‘ertheless', it is |
striking that, af all three Cl2 sfagnation pressures, fhe BrC1+ angular '
distribution is confined to a small fégion bf positive @ near the '(Clz)x
beam. In this regard, a possible second peak in .the;BrC1+ angular
distribution in the Po(clz)? 450 torr experiment 'was sought by counting
for 1200 svecon.clls.at @ = 86° (4° from Br, béam). This resulted in a
BrC1* signal count of 3500 + 2000, i,e., much weaker than that at 8=4°
if present at all.. In view of this qualitative invariance of the BrClJr
angular distribuﬁqn to Po’. all further experiments (III-V) were run

at fixed nozzle stagnation pressures,

+
,Cl4

+, etc, )
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Figures 6-8 illustrate that the shape of the scattered angular
distribution is approximately independent of the mass filter setting,.
This same effect was also observed in Exp..II (although at poorer

signal to noise) where BrC16+ and BrC1+ at 13()‘(012') = 450 torr and

8

BrCly" and BrCl' at P, (Cl,) = 600 torr yielded equivalent angular
di.stributions.:, f‘igure 6 also ém.phasizes the absence of even approximate
symmetry about® = 0° in the scattered signal; this ®<o0° angular range
was inaccessible in later ekperimen’cs (I1-V) where the TOF pulsing
wheel had been installed. Figure 8 is included in o'rdér to demonstrate
that the small ®pea}<ing observed in Exps. I-III was not an’ experimental
artifact arising from the choice of the Cl; beam as th(;. modulated beam,
Small quantitative differences between rgsults of Exps III and IV are

discussed in a later section, Results of Exp. V shown in Fig, 9 .

illustrate the universality of the phenomenon, i, e, the same qualitative

featgres appear in the Bvr.2 + (Clz)x and Br2 + (NH3)x systems, In

this conne'ction, the angular -distribution of the C2H4C14+ signal in a
brief examination of C2H4 + (Clz)x also peaked sharply in this small,

positive @ region.'

Predicted Condensate Angular Distributions

The shapes and insensitivity to mass examined of the angular
distributions of Figs, 6-9 are all consistent with the general bimolecular
condensation mechanism, rea’ction,(Ré).' By momentum conservation,
the ABX* product of this reaction must be formed with a LAB velocity
equal to the velocity of the center of mass of the A and B_ reactants,
Cx(the cientrﬁo‘id). Thus, ABx* would appear at a LAB scattering angle

given by
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gc .= arctan (v/x) ; .. N (4)

[

with Y= hquA_ /vax in terms of the masses of A and B monomer and
rfh'e speeds of A and Bx (assumed independent of x in this treatment).
The ‘interpre‘ta'tion‘of the Brc1t angular distribution in Fig, 6, for
example, is that 'a‘distribﬁfion in x in the (Clz)x beam fesulted in
BrZ(Clz)Xﬂ< é'omplex¢s which scattered a’c‘ the e.c values given by Eq. (4) |
and partially fragmented into BrC1+ upon EB ijonization,

Figures 2 a}_nd 3 suggesf that the (Clz)x is not str’ongl').r condenséd,
i. e. that the flux in the beam corresponding to a given clu.ter decreases
with increasing x, In view of this, it is impovrtan1‘: i:o-examine thé- ‘ '
product intensity expected from this model carefully in order to under-
stand the observed product ‘ar‘lgullar distribution peaking‘near'®‘= 0°,

The number of ABX"\ products of reaction (R6) formed per second is

N(x) = VEQ_(x) F\F_/v, v | | (5)

in terms of the»volume of the BIR, V, the relative collision speed,
g= (vA2 + vxz)_1 /2, the cross section for reaction (R6), Qc(x), and

the fluxes of A and Bx at the BIR, FA and Fx' If the. angular and
speed distributions of both beams were delta functions, all of the ABx*

would recoil at a particular 6 given by Eq. (4). This would produce a

measured ABn+‘ signal of

Qc(x‘)Fin(A'Bx).' (6)

Sn(x) = KT(nt+‘m.A)hn. x

Here, T is the transmission of the ion optics and quadrupole mass filter,

dependent weakly on the mass of the detected ion; Qi(ABx) is the ABX*

EB ionization cross section; hh x is the fragméhtation probability,
. ' H

the probability that ABn-." is formed upon EB ionization of ABx*; and
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K=Vg FA.Cj /VAvxeC}'c»is an approximate constant di;r‘ing one experiment

(i electron current density in ionizer of lenth £; e = charge on the

electron), Eqﬁat’ion (6) él'ready predicts fha’t scattered signal should be
seen_only at ® > 0° in approximate agreem‘ént with Figui;es 1 and 6,
Owing to finite apparatus angular'\resolution, hoik)ever;_ recoil dis-
tributions of neighboi‘ihg ABx* condensates oxflarlaﬁ so fhat x is to be.
treated as a continuous variable, This produces an angular distribution

of ABn+ massfilter signal given by

in(®) = Sn(§<) l dx /de_ | = YKT(nt-l-mA-)hn’ ch(lx)'Iv;‘xQ‘i(ABx‘).sin'Z e (7)
whefe the Jacobiﬁn factor, ldx/d Scl , is given bfr ;\(/;siﬁ_z e.

The quantity of most interest in Eq. (7), Qc(x), cannot be extracted
frombthe data beéause of the unéertain' form of Fx. Nevertheléss,
information on some of the parameters in Eq, ('7 ) cén be obtained from
the data. For‘ example, the ratio of angular distributions measure.d'
for two different massfilter settings in one experiment yields
In'(@) 'T(n'mB -FmA)hﬁ"x

v In(®) : T(nt+ mA)hn, <

Ry ‘4n®®)

(8)
‘Table II gives ‘Rn.', n(x)valﬁes méasur_ed in Exps, III and.V, These data

were oH:ained at approxirﬁately constant quadrupole resoluti_on (Am fm)

setting and T(m) m1gh’c have févor ed higher m slightly, Thus, the heavy ABX*
clusters clearly fragment into small‘ionivc fragmenté; Indeed, thé

data indicate that hn,'x‘p’eak.s at n ~1 and that the fr:a‘gmentatior; péttex;n

at low n is approx.ifmately' independent of x (at least fqr BrZ(Clz)x*):. ‘
However., the d;’ga give no indication whether a sécond, larger peak iﬁ
hn, % might occur near the n = x end of the quctrﬁm,_ Nevertheless, this

provided the first suggestion that extrapolation of the mass spectra of the



-12-

main beam itself, such as are shown in Figs. 2 and 3, rnigil’t under-
estimate the concentration ef heavier clusters, |
The s:'l.n'-2 ® .Jacobian factor in Eq, (7) represents a very strong

weighing facto;t' favoring sm'al]..A®Ascattering. Furtherrhere, other factors

in Eq.. (7) favor large x and small @ .as well, As discussed earlier, Qi(ABx)
-<sh01_11d-be roughly propor_tienal tox. Itis unlikely thaf Qc(x) would decrease
with increasing x above some critical size, X.» wh'ere'decompos'ition of
ABX*’is‘ no longer important, For X>X, it seems reasonable to expect

Q (%)« x! for t m~0-2/3; the t = 2/3 limit corresponds to a g.e'o:m_e'cric

crose section and is probably the :most‘ reasoneble estimate, In summary,
" then, the Q (X)Q (AB ) sin” @factors in Eq, (7) favor 'small angle scattering

-3 _=-11/3

. approx1mately as gt ~ 0 .This is a very strong we1gh1ng factor; hn xe
L
-11/3 '

must fall-off with increasing x fa‘ster_than x in order to prevent
In(®) from pe’aki.n'gvat ® = O°». _
Figure 10 shows plots of hn xFX @ tan 5/3® sin2® I (® \;ersus x=x(8 ),
: ’ n c
Similar plots of tan ® sin?@In(G) (corresponding fo Qc(x) = constant)
shew only a SIightISr steeper fall-off with 'increa'sing x It is also unlikely
thath _ for emall n would increase rapidly with increasing x. In the
simplest statistical picfure, iﬁ fact, h ,x m1ght be expected to vary
simply as x-1 due to the increasing range in n,, espec1ally in view  of
the apprexima’ge;nvanance of the fragmentation patterns of Table T
with chapging %X, Thus, it is likely thaf Fx decreeses Awi'th increasing
x roughly as is shown in Fig.. 10. This 'is;especiall;.r important :
because the rate of decrease in Fx with increasing x for the
data'of Exp. III is much slower in Fig.. 10 than in Fig.A 3., Writing
F_ = A exp [ -Bx], for exaxﬁple, B = 0.43 is obtained from Fig.3.

whereas [3.= 0. 105 is cbtained from the data of Exp, III in Fig, 10,



‘This provides stronger proof of the comment madé in reference to Table II

.. that extrapolation of the mass spectrum of the nozzle beam, uncorrected for

fragmentaion, seriously underestimates the concentration of hecavier
clusters, Indeed, analysis of scattered angular distributions, such as '
are presented here, in terms of Eq, (7) should Provide the most reliable
method of measuring the concentration of these modérately heavy clusters
(i.e., 10-20 € x £ 100-200) in the nozzle beam,

The interpretation of the tan 5/3 ® sinv2 ®In(®) plots in Fig. 10 as

being proportional to h F__ must fail at small x'<xc because the Aqu‘

cannot be expected to live long enough to reach the detector. The likely

ate

lifetime, T, of an ABX"" can be estimated very crudely from the

classical ekpre ssion, -
T-3N

v (sec)m 107 3 (e - ¢ )/e] (9)

where N is the number of heavy atoms in the cluster. For Br,+ (CIZ)x

in Exp. III, for example, the reélative -collision energy was 5, 8 kcal/mole
(large x limit) and_q_' >0.7Tx 10"'3 sec was required in .o‘r‘de_r that the
BrZ(CIZ)Q complex reach the ionizer before decompositioﬁ. King, et,

al, 7 estimate the Cl.2 - C12 bond energy at ~ 1 kcal/mqle. ~Since reaction
(R4) represents the adsorption of Br2 on a Cl2 surface, € might be
estimated at ~ 3. kcal/mdle. If t'hese.parameters‘ are ’inserted into. Eq, 9,'
a minimum number of heavy atoms in the cluster of N~ 20 is obtained,

It is interesting to note that data of the three experirﬁénts shown in Fig, 10
all exhibit breaks (i ., deviations from the limiting high x behavior) in
the vicinity of 20-25 heavjr atoms in the cluster. ' This makes the assignment
| of the high x behavior observed here to the general condensation reaction

(R6) even more pl_ausible..
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TOF Spectra of Scattered Signal ° .

In order to demonstrate even more clearly th’e;as signment of thé
measured arigplar distributions to reactions (R4) and (R5), TOF spectr‘a
of the sca.tteréd :signals were measu.red' 92 in Expsv..‘ III, IV, and V,
Since the conclusmns from the (Clz) and (NH ) data were the same,
‘only data on Br + (Clz) is presented here in F1gs ‘11 and 12,

In interpreta_’cmg the TOF data, perfect apparatus angular resolution
“has been assumed. If both beams were monoenergetici, a pai‘ticular

BrZ(Cl condensate of reaction (R4) would be found with a unique-

Z)x
LAB velocity. Owing to the small but finite spread.in actual beam

épeeds (Table I); however, this same BrZ(ClZ)x con‘denéate is formed-
with a small spread in LAB scé.‘ttering. angle and spveed,.b The distributions
for dirfferént BrZ(ClZ)x were easily calculated as a function of ®,.

I(®, v, x), from the measured beam speed distributions by means of

' the formalism deVél_oped in Ref, 12 (assuming Qc(x) to be ihdependent

of g). These wefe normalized su_ch_ that
II(@. v, x) aedv=1 | : ' ' - (10)

Finally, a compos-ite LAB recoil speed distribution for a given mass
filter setting was calculated from

n'’ X . n,x x ! ! ) : . ( )
with .hn, in given in Fig, 10, It is perhaps also W_orth emphasizing thgt .
major contributions to a given'@ca.me from a small range in x; for Exp. III
for example, x = 18-22 accounted for 77% of the ®= 5° peak intensity,

x = 9-11 a.ccounted for 89% of the 8= lO° ‘peak 1ntens1ty. Finally,' I (®. v)

was convoluted over the TOF pulsing wheel gate function and ionizer
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length and normalized to unit peak height at a given @ for éomparison
with the TOF data, |

Figures 11 ;bd 12 show that the fits to the data prévided by Eq. (11)
‘are surprisin“gl& good, Clearly, reaction (R4) accqunts for the dominant
features of all of the‘ Br,, + (Cl'z)x data presented here, As in Fig.4 ,
most of the breadth in the TOF spectra of Figs. 11 and 12 is instrumental.
Figure 13 shows that the actual calculated speed distribution is very
narrow, This figure alsd shows the qorresponding 'Br2+v (NHS)x speed
distributions calculated for reaction (R5)‘ from Eq. (li) which provided -
~ an equally good fit to the TOF spectra measured in Exp V.

Although the qualitative results of Exps. I, III, and IV were the
same, some quantitative differences are apparent, Thus, the data of Fig. 5
show a steeper small @ rise of the product angular distfibution as PO(CIZ)
increases due to the increasing cohaensation of the ndzZle beam, A
hint of this same effect appears in the slight broadening of the @ = 5° )
TOF spectra recorded in Exp, II for Pd(CIZ) =450 torr, Experiments
III and IV were con_ductedeith con_stant'Po,. To' and d parameters 'fof’
‘the Cl2 nozzle, Nevertheless, comparison of Figs.‘ 7 and 8 indicate
th.at the Cl2 noz‘zle_ co;ﬁtained a higher concentratioﬁ of‘ heavy clusters in
Exp. IIL. This is particularly appérént in Fig. 10 where the straight
line fits to the hﬁ.» F data points yield éxponentigl slope parameters,

B, of 0.105 (Exp. I1I) and 0. 124 (Exp,IV). This result indicates that

the geometry of the nozzle throat inﬂuepces the dégree of condensation,
Iwith the slower exi:ansion thi*oug_h the longerA throat in Exp. IIT producing
stronger condensation, This trend with changing nozzle geometry ob-

served here parallels that reported in Ref, 3 where ek‘pansion through -
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a sonic nozzle prbduced less condensation than d;id exi:énsion through a’
conical nozzle. Comparison of @= 10° TOF data in Figs. 11 and 12

also illusit'riate this same point with the Exp, IV resﬂults .(especially for
BrC1+) brsadened and shifted to slower LAB speeds relative to

the calcuiated centroid distributions. This ciearly

shows the effect of decompo.sition of some of the lighter ABX* complexes,
Although there are tc;o maﬁy v'ariables.and inéufficient data to c_haracterize
this decomposition, auxiliary calculations Sa simulating the ®= 10* TOF
spectra based Qh the deéomposition of some l_ighte_r clusters cbrreSpqndin'g
td ec >10° (Eq (4)) did reprorluce this,broaderring téwards lower LAB

recoil speeds,

DISCUSSION

‘In sﬁminai'y_, condensation of a Br'z'probe particie on heavy (Cl,)
or (NH3)x has beén described here. In agreement with observations
in Ref. 8 on reaction (R3), product angular éistributioné are sharply
peaked near the cluster béarh. 'I_n:deed, this sharp peaking at small but -
positive @ should be a géneral characterisfic' of‘su'ch condensation
reactions, In ‘scattering smd1es employmg crossed nozale beams, the
nozzle stagnation pressures are typlcally as high as poss1ble in order
to enhance beam intensity and nozzle speed characte’nstlcs. As has
been‘emphasized_earlier 13, howe\;e_r, care must be téken to insuré
that"fe.a.tures of the measured distribution have nor been influenced by
clusters in the beam. In vieW of the fendency of heavier clusters to
fragment upon EB jonization which is observed here, the best test
agamst such cluster part1c1pat10n is to demonstrate 1nsens1t1v1ty of any

small angle peak shapes in the measured angular d1str1but1on to nozzle

stagnation pressures,
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It is alsa of interest to inquire how studies reported here and in
Ref. 8 can be irhproved so as to resolve the dynamiés ‘of condensation
and possible subsequent decomposition as a function of cluster size,
Much moré information could be obtained if apparatus resolution were
sufficient to r_esipl‘ve peaks in LAB (@, v) space due to individual values
of x (e. g., Eq (6) rather th#n Eq. (7)), This m1ght be achieved by “
impreving the k_iﬁematics through an increase in the y factor of Eq.'(.4).v
In this regard, the use of Br, as the probe particles in these studies

rehdered m, about as large as possible consistent with the present
, i"

‘ experimental afrangement whefe the nozzle gars nvm"s’c be admitted to
the staghation é,hambeAr through an unhéated gas inlef tube. The mass
of the c;luster monomer unit, mp, was é.ls_o rendefed as Smail as
éxperiment_ally f.éasible 'thr'ough the uée of NH;; an afte_mpt to generate
an (Hv2 )x clu‘stef.b'eam failed because the nozzle stagnation chamber
could not be cooled below 77°K. Another approach to increasing vy
would be to increase Vi this could probably best be achieved in an

ion-molecule scattering study. o

In addition to improved kinematics through all‘azj_ger Y factor, it
should be poss‘ible‘to resolve the reactions éf the smaller clusters by
a careful study of the dep.e'ndence of the scattered distributions on the
pressure and te_mpberbature of. the nozzle stagﬁation chanﬁbef, espeéi"ally
in view of the results of Ref. 3 that the degree of condensation depends
upon P T | Cp/(Cy-Cp) King, Dixon, and Hersciqbach7 attribﬁtéd B
their measurements of the angular and TOF distﬁbﬁtions of the
BrClJr ‘signav.lv from crossed B’rz'and Cl2 nozzle beams to reaction

(R1l). Their Cl2 nozzle stagnation chamber conditions

. o 14
(Po = SOQ torr, To = 290°K, d= 0? 0075 cm ) appear onl_y
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slightly less eOnducive to condensation that those employed in

Exp. II so that the differing ehemical phenomena reported in these two
studies warrants comment. Comparison of reported nozzleb expansion
conditions could be rnisleading because clogging or erosion of the nozzle
throat could 'signifieantly alter the nozzle diameter m either study.v
Unfortunately, a high mas;s.-independent background in the pr'es ent

study precluded the use of lower Cl2 stagnatlon pressures in an attempt
to seek out the tran51t10n between the scattermg phenomena reported

here and in Ref, 7. More recently, however, Dixon and Herschbach15 16
have observed the beginning of this transition by measuring the scattering

-as a function of P (ClZ) and resolvmg reactions of Br2 with (Clz)z, (C12)3,

and (C12)4.

Another exciting possibility suggested by the results presented
here is the preparation of beams of heavy c¢lusters of sharply defined
molecular . weight by means of a small orifice which could be rotated
about the BIR defined by the nozzle beams empl.orred here, This orifioe
would then transmit ABx with x determined throughv Eq. (4) by the angular
position of the orifice., The transmitted ABx bearn should be of suf.fi'cient
intensity to permit rneasurements of the dependence on size of rnany
properties of the AB_ complex (e. g., ionization potential, EB ionization

cross sections, fragmentation patterns, etc, ).
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* Table I, Experiniental nozzle beam conditions.

Experiment Beam  Beam :1‘ 5 P, -y _ Speed dist:rib.ui:ionb
Source Species { K) (torr) {cm) . u o
1 _. - (c1,), zcjs - 180 1.2 = —
1 2 Br, 298 250 ' _ 0,87 —_ —
1 (CL,) 298 Varied 0.71 - — -
o 2 Br, 32 20 o056 . — Ry
1 (Cly), .' v_29_8~' 100 0.1 440 29.5
oI 2 Br, 323 _:. . a0 0. 56 331 49.4
1 Br, 323 260 6.56 . 336 36. 6
3 P (012')x 298 100 | 0. 64 400 29,5
1 B.rz 323 260 0,56 336 36.6
v 2 (NHy), 298 700 0.6 900 72.8

ay is the nozzle-skimmer distance. The diameter, external angle, and internal angle
of the skimmer was: 0.16 ¢cm, 64°, 50° (Beam 1) and 0,051 cm, 64°, 50°* (Beam 2) in
Exp. L 0.050 cm, 64°, 50° (Beaml) and 0,062 cm, 86°, 60° (Beam 2) in all other
experiments, v _ '

Bparameters of Eq. (2) in m/sec obtained by deconvolution of TOF spectra measured
for the nozzle beam. Param_Fters quoted for cluster beams were measured

for largest (Clz) or (NH3), TOF spectra which provided reasonable s1gnal-to-no1se,
n=6, 3, and 6 fOr Exps, I, IV, and V, -respectively, All neutral clusters are .
assumed to have this speed dxstnbutxon in centroxd calculatxons.
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Table II, Fragmentation Pattern Estimates for Aqu< Ionization formed_ ,

inA+B ~AB .2
. xX X

b

Br, + (Cl,)_ =~ Br, (Cl,),
) - LI | 70 10°
x . 19,7 ' . 14,0 | 9.8
Rp 2 1,00 - S Loo . Lo00°
R; , S N 0.69 o oe
R, , 0. 21 0. 20 —_—
R , 0. 23 0.31 o 0.33
Br, +(NH;), =Br, (NH;)
0 5° 7e : S 90 \ 11°
x . 39. 8 284 22,0 17. 9
R, | 1,00 1,00 1. 00 1. 00
X
R, | 0.78 - Ls2 - 1.59 1,11
R3,1 0.47 10.55 0,59 0.70
Rg 0.36. 0.40 0. 04 o 0. 04

a R_- is defined in Eq.. (8). Data from Exp. Il and V.



FIGURE CAPTION

Fig. 1. Angular distribution of neutral species scattered from crossed

Fig. 2,

Fig. 3,

Fig, 4.

nozzle beams of Br2 and (Clz)x measured for a BrCl+ massfilter
setting, Beam conditions listed in Table I as Exp. I Solid data

symbols (here and elsewhere) indicate that measured signal was

less than O, 33 counts /second.

Solid curve shows mass spéctrurn of Cl2 nozzle (beafn 1)

‘recorded in an early experiment (not listed in Table I) with

P = 500 torr and To = 298°K, Data symbols show mass spectra
of scattered species, obtained in Exps. I and III, arbitrarily

normalized to 80% peak heights,

Data points show the relative irhten’sitives of different C’1n+' signals

in the mass spectrum of the Cl2 nozzle of Exp. III,

Data symbols show measured TOF spectra of the Cl2 nozzle of
Exp. III obtained for different Cl: massfilter signals.. Solid

curve shows a fit of Eqs. (2) and (3) to the Cl * data. Signals

2

for differiri’g‘ n are arbitrarily normalized for ease of visual
presentation, Convention for TOF.data here and elsewhere is tov‘
measure time from the instant that the TOF pulsing wheel begins

to transmit moleculeé, This TOF pulsing whé‘el's gate-function

was: square, 90 psec wide for Fig. 4; trapezéidal, 158 psec full-width

22 psec width at peak transmission for Figs, 11 and 12,
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" Fig. 5. Angular diétributiéns measured in Exp IT at the Brc1” mass-
filter setting, | |

Fig. 6. Angular distributions from Exp, I measured for Brc1”, BrZCI2 ,
Br Cl

4 8
left to right for different species starting from the top left for

', and Br Cl

BrC1+.
Fig. 7. ‘Angular distributions from Exp. III'measured for Brci1t, Br2C14 ,

+ + . .
Br2C16 , Br2C18 . B1'2C110 massfilter settings. Measured -

_numbei' densities are shown in arbitrai'y unjts. Absolute counts
at ® = 5° in the standard 120 second counting period were:

c1,” =:1320;

Brc1t= 2500; Br.c1,t = 6400; Br c:16 = 4300; Br 8

274

and BrZCI 0 = 1480.

2

Fig. 8. Angular dlstnbu’uons from Exp, IV for BrClT, 13r2c12 , Br <:16 ;

and Br Cl

2C10 massf11ter settmgs. Scale conveﬁtmn as in Fig, 6.

Fig. 9. Angular d1str1but1ons from Exp V for BrNH BrZ(NH

) +
3 ’ 372
BrZ(NH3)3 » and BrZ(N'H3)5+ massﬁlter sgttmgvs. Scales

altérnat_e from left to right starting with Br(NH3)+ at top left,

Fig,10, Plot of sin2 ® tan 5/3

®I.(® (in arbitrary units) versus x = x(®)
(Eq. (4))7 ' Discussion in text shows that.this‘ amounts to a plot of
hn, oFx (Ia'arémetez;s of Eq. (7)) \‘rersus,x. Data for different |
massfilter settings (i,e,, n) from a ‘given‘ experiment has been
normalized t§ each other, Upper B.r2 + (Clzi)X data from Fig,VT,

lower from Fig. 8 ; Brz-HNH:,’L‘ data from F'i‘g.,9>.v

Fig.1l, Data symbols show TOF spectra of scattered signals at different
massfilter settings r‘néasured in Exp, III at.®. = 5° and 10°, Also

shown at ® = 5° are TOF spectra of Brc1’ (@) and Br Cl @)

massfilter settings, Scales alternate from
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Fig. 13,
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measured in Exp. IIA aé PO(CIZ') = 450 torr, Thé solids curves

are calculated TOF spectra (Eq. (11)) for products of reaction (R4),
TOF spectra of scattered signals from Exp.IV; conventions as

for Fig. 11, | | ‘

Velocity vector diagrams for v.BrZ +.(C12)X(Exp.-.III) and Br2 + (NI-I3)x
(Exp V). Beam flow velocities (Table I)-are devpicted"along with
relative collision‘velo’city,‘ g, and centroid velocikties, C. Subé_cfipts
én C denote x values which would correspond (Eq. (4)) fo ABX*”
(reactions (R4) and (R5)) recv_oil at a particular ®, Also shown élong
each @ = éohsté.nt_line are A_Bx* product speed_'distributiohs calculated

as described in the text from Eq. (11). Relative peak heights versus

® are arbitrary for ease of visual presentation,
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