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Th e r ot at ional sp ectr um of the t wo most abun dant isotop omers of the
w eakl y bound dimer betw een dinitro gen and hydrogen bromide , 1 4 N 2 Â Â ÂH 7 9 Br
and 14 N 2 Â Â ÂH 81 Br, has been measured for the Ùrst time . T he three low est
J transitions , at frequencies from 2 to 8 GH z, have been studied at condi -

tions of supersonic expansion. The complicated hyp erÙne splitti ng structure
arising from the three non- equiv alent quadrup olar nuclei has b een assigned
and Ùtted. T he resulting spectroscopic constants and the derived molecular

quantities are compared with those for other isotop omers, as w ell as w ith
experimental and calculated results for other linear dimers involving dini-
trogen. A revised value for the nuclear quadrup ole splitti ng constant for free
nitrogen molecule, â ( N ) = À 5 : 3( 1) MH z, is also derived.

PAC S numb ers: 33.15.D j , 33.15.Mt, 33.15.Pw , 33.20.Bx, 36.40.Mr

1. I n t rod uct io n

The studi es of smal l m olecul ar clusters isolated at condi ti ons of supersonic
expansi on conti nue to pro vi de a pletho ra of deta i led inform ati on on the nature of
interm olecul ar intera cti on. Fol lowi ng extensi ve studi es of di meric species, the num -
ber of studi es of clusters conta ining m ore tha n two m oleculesis steadi ly increasing.
Of parti cul ar interest is the series of clusters consisti ng com pletel y [1, 2] or largely
of water molecules [3], since they have a beari ng on the importa nt pro cessesta ki ng
pl ace in aqueous soluti ons, such as pro tolyti c dissociati on [4]. W e have recentl y
inv estigated in deta i l the Ùrst two memb ers of the (H 2 O) n H Cl f amil y of clusters
[5{ 7], and are currentl y in the pro cess of studyi ng thei r (H 2 O) n H Br analogues,
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nam ely H2 O Â Â ÂHBr [8] and (H 2 O) 2 HBr [7, 9]. In such studi es the kno wl edge of
other interm olecular species whi ch may be present as conta minants is a prerequi -
site. One of such species is N2 Â Â ÂHBr, whi ch is i tsel f a m ember of an interesti ng
fam i ly of clusters of potenti al stra to spheri c relevance. Thi s di mer is expected to
be routi nely vi sible in the most popul ar supersonic expansion condi ti ons using Ar
carri er gas, since there is always som e conta minatio n of the carri er wi th ni tro gen.
The com plex conta ins three non-equivalent quadrup olar nucl ei and, as a conse-
quence, the rota ti onal spectrum exhi bi ts rather com pl icated hyp erÙne spli tti ng
patterns. Hence, even tho ugh N 2 Â Â ÂHBr has al ready been observed by rota ti onal
spectroscopy [10], only the isoto pom ers conta ini ng one or two 1 5 N nucl ei were in-
vesti gated, since in tho se casesthe hyp erÙne spli tti ng was consi derabl y simpl iÙed
owi ng to the zero nucl ear spi n of 1 5 N. In thi s paper we report the observati on and
analysis of the most popul ated isoto pom ers of N2 Â Â ÂHBr in natura l abunda nce,
i .e. 1 4 N2 Â Â ÂH7 9 Br and 1 4 N 2 Â Â ÂH 8 1 Br.

2. E x per i m ent a l d et ai ls

The m easurements were carri ed out wi th the pul sed sup ersonic nozzle, cavi ty
Fouri er tra nsform microwave (FT MW ) spectrom eter at the Insti tute of Physi cs,
W arsaw [11]. The spectra were observed on a gaseous mixture of about 1% each of
N 2 and HBr in Ar carri er gas, expanded from a backing pressure of 1.1 atm . The

Fig. 1. Specimen spectra of the J = 1 ê 0 and J = 2 ê 1 rotational transition s of
14 N 2 Â Â ÂHBr. T he quantum numb ers indicated above each transition are I 0 ; F 0

ê I 00 ; F 00 :

T he two transition s marked w ith asterisks have also been assigned, but they are not used

in the Ùt since frequencies of such lines are usually strongly perturb ed by the presence

of dominant neighb ours.



Rotati onal Spect rum of t he Most Abundant Isot opomer s . . . 233

gas mixture wa s pul sed into the hi gh vacuum chamber conta ining the microwave
cavi ty at a rate of 3 Hz, and on expa nsion of each gas pul se eight indep endent
m icrowave measurements were perform ed over a period of 1 m s.

Al tho ugh the spectro meter has been used in m any previ ous studi es, the
present inv estigati on pro vi ded an opportuni ty to test i t near i ts lower frequency
l im it of operati on. Such a l imit is pri m ari ly determ ined by the size of the m ir-
rors used in the microwave resonator, and in our spectro meter the mirro rs are of
50 cm diam eter. Thus the low-frequency l im i t of di mini shing perf orm ance (F resnel
num ber of uni ty) is equal to 3.5 GHz. The two lowest J tra nsiti ons of N 2 Â Â ÂHBr
are somewhat m ore tha n 1 GHz below and above thi s l imi t and the sensiti vi ty
obta ined under norm al condi ti ons of avera ging of 100 to 500 m ul ti pulse interf ero-
gram s is i llustra ted in Fi g. 1. Very sati sfactory perform ance has been obta ined in
both cases, al tho ugh the interf erogram recorded for the J = 1 ê 0 tra nsiti on is
about 10 ti m es weaker tha n tha t for J = 2 ê 1 . Thi s is due to a factor of 4 rati o
in spectro scopic intensi ty of the two tra nsiti ons at the estim ated 1 K expansion
tem perature, whi ch is com bined wi th a decrease in sensiti vi ty due to di mini shi ng
perform ance of the m icrowave resonato r.

3. R esul t s

The rota ti onal spectrum of N2 Â Â ÂHBr is tha t of an ẽ ecti vely l inear m olecule
and tra nsiti on frequenci es of the parent isoto pom ers were predi cted from the ge-
om etry and spectroscopi c constants adapted from the 1 5 N isoto pomers observed
in [10]. The analysis was based on the experience gained in our recent study of
the most popul ated isoto pom ers of N2 Â Â ÂHCl [12]. The analysis of com pl icated
spectroscopic probl ems of thi s typ e has been facil i ta ted by the relati vely recent
avai labil it y to the spectro scopic comm unit y of several e£ cient com puter codes.
The Ùtti ng and predi cti on were perf orm ed wi th the SPFIT/ SPCA T package of
H. M. Pi ckett [13, 14], and graphi cal di splay of predi cti ons for com pari son wi th
exp eriment was m ade wi th the program ASCP [15].

Fi gure 2 gives an overvi ew of the key features of the rotati onal spectrum
tha t have to be accounted f or in the analysis. Each J tra nsiti on consi sts of several
wi dely spaced dense m ulti plets, wi th m ul tipl et spacing due to the large nucl ear
quadrup ole spli tti ng constants of the Br nucl ei. The isoto pic abunda nces of 7 9 Br
and of 8 1 Br are comparable and, since the di ˜erence in rota ti onal constants of the
respect ive isoto pom ers is not very large, thei r rota ti onal spectra are close to gether.
Each of the dense m ul ti plets has a compl icated interna l form due to the spli tti ng
from the two 1 4 N nucl ei, as vi sibl e in the expanded part of Fi g. 2. The vari ous
angular m omenta are most conveni ently coupl ed using the ( F 1 scheme, as
has been used for 1 4 N 2 Â Â ÂHCl [12]. The three hyp erÙne quantum num bers are
theref ore 1 (Br), N [N(2 )], 1 .
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Fig. 2. Stick diagrams illustra ting the main features of the hyp erÙne splitting patterns

observed in 14 N 2 Â Â ÂH Br.

T ABLE I

Quantum numb er assignments, observed (MH z), and observed {calcul ated (o{c) (kH z)
frequencies for selected hyp erÙne comp onents in the measured rotational transitions
of 14 N 2 Â Â ÂH Br.

14 N 2 Â Â ÂH 79 Br 14 N 2 Â Â ÂH 81 Br

2F
0

1 2 I
0

2 F
0

2F
00

1 2 I
00

2 F
00 obs. /MH z o{c /kH z obs. /MH z o{c /kH z

J = 1 ê 0

1 4 5 3 4 7 2314.1763 0. 2 2313.9438 À 2 : 2

5 4 9 3 4 7 2388.5912 2. 2 2376.2990 2.6

3 4 7 3 4 7 2481.5254 1. 4 2453.7633 À 0 : 5

J = 2 ê 1

1 4 5 3 4 7 4645.1566a
À 10 : 1 4642.2858 À 0 : 4

3 4 7 3 4 7 4739.6586 0. 4 4721.0779 À 1 : 2

7 4 11 5 4 9 4804.8942a 5. 7 4775.7298 À 2 : 9

1 4 3 1 4 5 4812.4981 À 2: 0

5 4 9 5 4 9 4898.0071 1. 1 4853.4295 À 2 : 3

J = 3 ê 2

3 4 7 3 4 7 7143.2157 1. 6 7110.1448 0.6

5 4 9 5 4 9 7171.5119 À 0: 4 7133.4969 0.9

7 4 7 5 4 5 7213.3684 À 0: 2 7168.4634 À 0 : 2

3 4 7 1 4 5 7237.7053 À 0: 4 7188.9371 À 0 : 1

7 4 11 7 4 11 7307.3937 À 7: 8 7247.0930 2.1

T ransition excluded from the Ùt.



Rotati onal Spect rum of t he Most Abundant Isot opomer s . . . 235

The advantages of thi s coupl ing scheme are tha t the F 1 quantum numb er is
equivalent to F for the case of only the brom ine nucl eus being present, whereas
the separate coupl ing of the smal l and very sim i lar nucl ear angular mom enta of
the two ni tro gens im pro ves num erical stabi l i ty .

A selection of the m easured tra nsiti ons and thei r devi ati ons from the Ùt is
presented in T ableI, and consists of some of the most pro minent l ines in each of the
dense m ulti plets. The Ùtted spectro scopic constants are l isted in Table I I, where
they are also com pared wi th constants for the onl y tw o other kno wn isoto pom ers
conta ining 1 4 N. W e have found, unl ike in the case of 1 4 N2 Â Â ÂHCl , tha t i t is not
possible to determ ine independent values of nucl ear quadrup ole spl itti ng consta nts
for the two ni tro gen nucl ei. Thi s is due to an almost uni tary , negati ve correla ti on
coe£ cient connecti ng these two constants. As a result thei r di ˜erence carri es a very
large error, whi ch is com parable in magnitude to the value of the di ˜erence i tsel f.
On the other hand, the avera ge of the two values is determ ined qui te accuratel y.
W e believe tha t there are two pri nci pa l reasons for thi s behavi our. The relati ve
m agni tudes of the nucl ear angul ar mom enta are such tha t there is a much greater
decoupl ing of the bro mine and of the ni tro gen nucl ear spins and tha t there are
rather fewer of the vari ous smal l accidenta l perturba ti ons whi ch norm al ly aid in
decorrelati ng coupl ing consta nts of thi s typ e. Furtherm ore we found tha t about a
thi rd of the m easured l ines exhi bi t systemati c devi ati ons f rom the Ùt m ade on the

T ABLE I I
T he Ùtted spectroscopic constants and their errors a (in brackets) for the four iso-

top omers of N 2 Â Â ÂHBr containing the 14 N nucleus.

14 N 2 Â Â ÂH 81 Br 14 N2 Â Â ÂH 79 Br 14 N 1 5 N Â Â ÂH 79 Br 15 N 14 N Â Â ÂH 79 Br

T his w ork Ref . [10]

B (MH z) 1195.55685(19) 1203.16173(15) 1181.6530(4) 1163.2477(5)

D J (kH z) 4: 812(11) 4 :8 65(10) 4: 693(15) 4: 517(17)

â a a (Br) (MH z) 311 : 7525(31) 373. 1213(26) 374.056(9) 373 : 338(13)

â J
a a (Br) (kH z) 2.09(37) 3. 41(37)

â (N ) (MH z) À 4: 3397(13) À 4: 3383(11)

â [N (1)] (MH z) À 4 :302(7)

â [N (2)] (MH z) À 4 :403(6)

M (Br) (kH z) À 1 :21(14) À 1: 36(14) À 2: 3(4) À 1 :9(5)

¥ (kH z) 1 :82 1: 67

lines Ùtted 62 56

T he rep orted uncertainties are standard errors in units of the last quoted digit.
C entrif ugal distortion contribution to â deÙned by â ( Br ) = â + â J ( J + 1) .
â [N (1)] = â [N (2)] , with nuclei in the order BrH Â Â ÂN (1)N (2).

The numb er of di˜erent frequency hyp erÙne comp onents in the Ùt.
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basis of the usual 3 ¥ exclusion cri teri on, where ¥ i s the measurement uncerta inty .
The average magni tude of such devi ati ons increaseswi th J , reachi ng ca : 2 5 kHz for
J = 3 ê 2 , wi th the calcul ated frequenci es being greater tha n the observed ones.
Thi s e˜ect m ost pro babl y results f rom the departure of the hyp erÙne spli tti ng for
shal low and highl y anharm oni c shal low interm olecular potenti als from standard
theo ry . A very large e˜ect of thi s typ e has been observed for Ar Â Â ÂN 2 [16], where
the autho rs were reduced to e˜ecti ve Ùts for each value of K . The N2 Â Â ÂHBr dim er
is somewhat m ore stro ngly bound, but such devi ati ons are sti l l observable at the
sub- Doppl er resoluti on of our experim ent. Su£ cient noise is theref ore intro duced
into tra nsi ti on frequenci es to prohibi t Ùtti ng of the rather subtl e di ˜erence between
the two ni tro gen spl i tti ng constants. We have also tested the ( F 1 2 coupl ing
scheme of the nucl ear spi ns, as well as the 1 2 3 quanti zati on resulti ng
from the e˜ect of the spin of the hydro gen ato m and of the very smal l magni tude
spi n{ spin intera cti ons tha t are possible. Al l of these al terna ti ve Ùts pro duced very
sim i lar resul ts.

The newl y determ ined spectro scopic constants for 1 4 N 2 Â Â ÂH 7 9 Br and
1 4 N2 Â Â ÂH 8 1 Br can be used to derive several quanti ti es used to characteri se the
geometry , bi ndi ng streng th and interna l dyna m ics in these di mers, as summ arised
in T able I I I. In determ ining the geometry i t is crucial to real ise tha t the two m olec-
ul ar uni ts in the dim er underg o large ampl itude oscil lati ons relati ve to the inerti al

-axi s of the di mer, as described by average oscil lati on angles and for N2 and
HBr, respecti vely [10]. Thi s has the consequence tha t the exp erimenta l pro perti es,
whi ch are subject to avera ging over the ground state wa ve f uncti on, are appro x-
im ated by the avera ging form ula appro pri ate for the quanti ty [17]. The e˜ecti ve

T ABLE I I I
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bond lengths of the tw o subuni ts in the dim er are theref ore given by r N 2

0 cos ˚ and
r H B r

0 cos ¢ , where r N 2

0 = 1 1001 ¡A and 1 4243 ¡A are ground state m onom er
bond lengths determ ined f rom thei r respective ground state rota ti onal consta nts,

N MHz [18], H Br and H Br
MHz [19]. The interm olecul ar separati on in the dim er is charac-

teri sed by the di stance between the centres of m ass of the two m onomers, ,
given by

cos cos (1)

where , and are ground state mom ents of inerti a of the com plex
and of the two m onom ers, respecti vely, is the reduced m ass,

), and angular bra ckets denote avera ges over the ground state wa ve
functi on. The key intera to mic distance (N Br) is then

N Br cos cos (2)

where and are di stances of the N(1 ) and Br ato ms from the centres of mass
of thei r respect ive m onom ers, and ato m orderi ng in the dim er is BrH N(1 )N(2 ).
The interm olecular stretchi ng constant is calcul ated from the centri fugal di s-
to rti on constant by using the enhanced diato m ic f orm ula of Mi l len [20], whi ch
for MHz, / kHz, N m u is

(3)

where is the ground state rota ti onal constant of the dim er. The wel l depth, , of
the interm olecular potenti al is calculated f rom the Lenna rd{ Jones appro xi mati on
[21] and, for / cm ¡A, and / (N m

(4)

where is interm olecular separati on obta ined by correcti ng interm olecular sepa-
rati on to the m inimum in the appro xi m ati ng diato m ic potenti al [21].

The largeam pl itude oscil lati on angles and for the two monomer m olecules
were derived usi ng tw o di ˜erent m etho ds, whi ch avoid the rather compl icated i t-
erati ve pro cedures empl oyed in the ori gina l inv estigatio n [10]. W e have ta ken ad-
vantag eof the increasing ease of carryi ng out reasonabl y high level calcu-
lati ons and used calcul ated Ùeld gradients. The calcul ati ons were carri ed out wi th
D unni ng correlati on consi stent bases[22] and the GAMESS package [23]. Fi eld gra-
di ents were evaluated at the aug-cc-pVT Z/ MP2 level for the aug-cc-pVD Z MP2
geometry . Thi s level of calcul ati on was found to be qui te accurate for Ùeld gra-
di ents in (H O) HCl [6], and i t has also been establ ished tha t m any f eatures of
Ùeld gradient calcul ati ons are relati vel y insensiti ve to the level of calcul ati on [24].
The Ùeld gradients calcul ated f or N HBr, several related di mers and the rel -
evant m onom ers are reported in T able IV. The avai lable exp erimenta l spli tti ng
constants are also ta bul ated therei n. The scal ing to com pensate for the kno wn



238 Z. Ki siel , B. A . Pi etrewicz, L. Pszcz§¤kowski

T ABLE IV

( A ) C alculated Ùeld gradients (a. u. ) and ( B) measured nuclear
quadrup ole splitting constants (MH z) for linear dimers of N 2 and for
the isolated monomers.

(A) qa a [X ] a
qa a [N (1) ] qa a [ N ( 2)]

N 2 1: 0309 1: 0309

H C l {3. 1958

H Br {6. 1403

N 2 Â Â ÂH F 0: 9683 1: 0375

N 2 Â Â ÂH C l {3. 0700 0: 9907 1: 0358

N 2 Â Â ÂH Br {5. 8971 0: 9969 1: 0340

N 2 Â Â ÂH C N 0: 9926 1: 0375

N 2 Â Â ÂH C C H 0: 9953 1: 0260

(B) â a a [X ] â [N (1)] â [N (2)] Ref.

H C l À 67 :6189(5) [25]

H Br 532.3059(2) [26]

444.6807(2)

N 2 Â Â ÂH F À 4: 697(2) À 4 :978(3) [27]

N 2 Â Â ÂH C l À 48 : 1758(14) {4. 440(14) {4. 619(14) [12]

N 2 Â Â ÂH Br 373 : 121(3) {4. 3383(11) this work

311. 753(3) {4. 3397(13) this work

À 4: 302(7) À 4 :403(6) [10]

N 2 Â Â ÂH C N {4. 511(15) {4. 737(15) [28]

N 2 Â Â ÂH C C H À 4: 162(2) À 4 :229(2) [29]

X = Cl or Br in the proton donor molecule.

The source of experimental values of nuclear quadrup ole splittin g con-
stants â .
For 35 C l. For 79 Br. For 81 Br. V alues for 14 N 15 N isotop omers.

system ati c underesti m ate of the Ùeld gradi ent by the basis [30], as wel l as for the
vi bra ti onal avera ging, was m ade wi th

Br
1
2

3cos 1 Br Br Br (5)

N
1
2

3 cos 1 N N N (6)

where the quanti ti es are the calcul ated Ùeld gradi ents at the
respect ive nucl ei. Thus Eq. (5) was used to determ ine HBr), but N could
not be di rectl y determ ined from Eq. (6) because of uncerta inty in the value of (N)
for the f ree ni tro gen m olecule. Instea d we have used the standard sing le isoto pic
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substi tuti on equati ons of Kra i tchm an [31] to evaluate the r s bond length of the
N 2 m olecule in the dim er, as has been carri ed out for [32]. Thi s bond length woul d
pri mari ly be the subj ect of large am pl itude averaging, r s = r N 2

0 cos ˚ , from whi ch
˚ can be evaluated.

Co mparison of the deri ved quanti ti esl isted in T able II I shows excellent agree-
m ent among the vari ous isoto pomers and the smal l di ˜erences are readi ly rati onal -
isable. The avera ging angles in Tabl e I I I, are close to ˚ = 2 0 and
determ ined in [10], al tho ugh the present values are preferred owi ng to the use
of considerabl y fewer assumpti ons. The fact tha t the empl oyed m odels are sti l l
sati sfactory for N 2 HBr is qui te importa nt since the next hi gher dim er in the
series, between N 2 and HI, is no longer bonded thro ugh the hydro gen, but app ears
to have the N 2 IH geom etry at the global m inimum [33]. There is theref ore
a considerable increase in anharm oni city in the interm olecul ar potenti al due to
two com peti ng l inear form s. Fi gure 3 shows a compari son of two indep endentl y
evaluated m odel param eters, made for several l inear dim ers of N 2 bound thro ugh
the H ato m. There is, indeed, increasing noise wi th decreasing strength of the
interm olecul ar intera cti on.

The presentl y reported new exp erimenta l inf orm ati on and m odi Ùed anal -
ysis al low a revi sed spectroscopi c evaluati on of the elusi ve nucl ear quadrup ole
spl itti ng consta nt of the isolated ni tro gen molecule. Two previ ous attem pts f rom
supersoni c expansion studi es have been m ade. Ana lysis of results for N 2 HCCH
and N2 HCN gave (N) and MHz, respectivel y [32],
whi le tho se for N2 Ar led to (N) MHz [16]. These numb ers can
be compared wi th the l ibra ti onal ly decoupled N QR value for sol id ni tro gen of
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T ABLE V

Determination of the nuclear quadrup ole splittin g con-
stant, â (N ), for free dinitro gen.

â a a (N ) in dimer a ˚ (N 2 ) â a a (N ) in N 2

/MH z /deg /MH z

N 2 Â Â ÂH F {4. 838 11.84 {5. 31

N 2 Â Â ÂH C l {4. 530 17.37 {5. 32

N 2 Â Â ÂH Br {4. 338 19.45 {5. 29

N 2 Â Â ÂH C N {4. 624 14.92 {5. 22

N 2 Â Â ÂH C C H {4. 195 20.15 {5. 21
a The mean of â a a N (1) and â a a N (2).

À 5 : 3 9 (5 ) MHz [34]. Presentl y we can combi ne the estimate of f rom isoto pic
substi tuti on wi th contem porary Ùeld gradi ents and use Eq. (6) to reeval -
uate such values f or the most studi ed compl exes of N . The results are l isted in
T able V and have been derived by using Ùeld gradients and coupl ing consta nts
averaged over the two dini tro gen nucl ei in the com plex. Two groups of values can
be di scerned in T able V. The values from the three N Â Â ÂHX dim ers are close
to gether wi th a m ean at { 5.31 MHz. The v alues f or di mers to the tw o longer
sti ck molecules, N Â Â ÂHCN and N Â Â ÂHCCH are now, unl ike in [32], ra ther close
to gether and of rather higher magni tude. They are, however, signiÙcantl y below
the three values for dim ers wi th the hydro gen hal ides. W e wo uld anti cipate tha t
the m ore extended dim ers to the longer proto n donor m olecules woul d be m ore
susceptibl e to departure from the diato m ic-based m odels used here. On the basis
of the resul ts in T able V we theref ore estim ate the ni tro gen nucl ear quadrup ole
spl itti ng consta nt for free ni tro gen to be { 5.3(1) MHz. Thi s is in agreement wi th
the sol id state value, and stra ddl es the tw o previ ous, mutua l ly inconsistent spec-
tro scopi c determ inati ons. Al tho ugh we have fol lowed the general pri nci ples used
in [32] we believe tha t we have im proved the rel iabi li t y of evaluati on by di spensing
wi th several interm ediate assumpti ons and m odel calculati ons of the electri c Ùelds.
As f or the high value from N Â Â ÂAr [16] thi s is based on the value of for the
di mer and the assumpti on tha t i t is insensiti ve to vi brati on{ rota ti on contri buti ons.
Neverthel ess, tha t assumpti on does not seem to hold parti cul arl y well , even in the
l ight of resul ts in T abl e I I of [16], since the e˜ecti ve Ùts for the two states
lead to tw o rather di ˜erent values of (N À and { 5.370(3) MHz. The
value { 5.528(27) results from a global Ùt, whi ch does not reconci le the discrepancy
noted above. We note, however, tha t the lower of the two values is actua l ly
consistent wi th the present determ inati on.
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