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Negative-ion photoelectron spectroscopy is applied to the, HMH,, P,H™, P,H;, and BHj
molecular anions. Franck—Condon simulations of the photoelectron spectra are used to analyze the
spectra and to identify various,R;, species. The simulations employ density-functional theory
calculations of molecular geometries and vibrational frequencies and normal modes, and
coupled-cluster theory calculations of electron affinities. The following electron affinities are
obtained: EA(PH)=1.027+0.006 eV, E&PH,)=1.263+0.006 eV, and EAP,H)
=1.514+0.010 eV. A band is identified as a mixturarainsHPPH™ andcissHPPH". Although the

trans andcis bands cannot be definitively assigned from experimental information, using theory as
a guide we obtain EftransHPPH =1.00+£0.01 eV and E{cisHPPH=1.03+0.01 eV. A weak
feature tentatively assigned tqHF; has a vertical detachment energy of 1.74 eV. The derived
gas-phase acidity of phosphine .Gy PHs) <1509.7+2.1 kJ mot. © 2005 American
Institute of Physicg DOI: 10.1063/1.1881153

I. INTRODUCTION photoelectron spectrum of transitions between initial states

Phosphorus hydride compounds and radicals are of inc_>f the anion and final states of the corresponding neutral

terest in planetary atmospheres and other astrophysicgp.eC'es' EIec_:tron binding energieBEs) of .observed tran-
environments:? They are also important because of the roleStions are given by the photon energy minus the measured

of organophosphorus compounds in catalysis of radical re@Iectron kinetic energyeKE). The experimental techniques

combination reactions involved in combustidrand because and data analysgiés_z%rocedures have been described in detail in
of the use of phosphine in chemical-vapor deposition ofPf€vious reports. = _ S
phosphide semiconductots. Fundamentally, accurate de- Phosphorus hydride anions are produced by injecting
scriptions of multiply bonded compounds of third-row ele- PhosphingPH) into a flowing afterglow ion source down-
ments by theoretical methdtfs*°is a challenging problem. Stream of a microwave discharge, using helium buffer gas at
Whereas neutral phosphanes have been studied extertSivelyd total pressure of 0.3—0.5 Torr. Phosphine is a highly toxic
their radical and anionic fragments are less well charactergas that requires special handling procedures. The B¢

ized. In this work, we apply negative-ion photoelectron specture bottle, regulator, and gas handling system were enclosed
troscopy to a series of phosphorus hydride anions,, IPHi, in a vented cabinet. The major anion formed is;Rlypi-
P,H™, P,H;, and BH;. We identify the transitions between cally 60 pA), with smaller amounts of PH(5 pA) and P
electronic and vibrational levels of the anions and the corre¢8 pA). Diphosphorus hydride specié,H,,10—20 pA are
sponding neutrals and we report electron affinities and othegsresumably produced by secondary-ion—-molecule reactions
molecular constants. The photoelectron spectra of Bl of PH, species with PKl lons of a particular mass are se-
PH, have been reported previousfy**but are obtained here lected by passage through a Wien velocity filter. The mass
with higher resolution allowing rotational contours to be ex-resolution is sufficient to separate Pkbns completely, but
amined and more precise electron affinities to be obtainechartial mass overlap occurs among varioybi Pspecies.

The photoelectron spectra of the diphosphorus hydride an-  This work employs the 351.1-nif8.531 eV} or 363.8-

ions, BH,, (n=1-3), are reported for the first time. nm (3.408 eV lines of an argon-ion laser, amplified to
30-40 W in a power build-up -cavity, to induce
Il. METHODS photodetachmerﬁz. The resolution of the hemispherical elec-

trostatic energy analyzer is enhanced by imaging the output

Negative-ion photoelectron spectroscopy is performedghotoelectrons onto a position-sensitive anode detéttor.

by crossing a mass-selected ion beam with a fixed-frequencyhe resolution of the kinetic-energy analyzer is 5—8 meV
laser. The kinetic energies of photodetached electrons al®s/er the entire energy range. The electron kinetic-energy
measured with an electrostatic energy analyzer to obtain thecale is calibrated from the photoelectron spectrum of atomic
phosphorus anions, described in detail below. The experi-
¥Electronic mail: ervin@chem.unr.edu mental uncertainty in the absolute electron kinetic energy of

0021-9606/2005/122(19)/194303/11/$22.50 122, 194303-1 © 2005 American Institute of Physics

Downloaded 12 Jun 2005 to 128.138.107.158. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1881153

194303-2 K. M. Ervin and W. C. Lineberger J. Chem. Phys. 122, 194303 (2005)

TABLE I. Electron affinities(eV). point calculations at the geometries from DFT at the B3LYP
_ level and unscaled harmonic-vibrational frequencies from

Species Theofy Expt. Ref. DFT for zero-point energy corrections. The calculated elec-

P 0.613(0.7349 0.7465+0.0003 33 and 34 tron affinities of the species discussed in this work are com-

PH 0.922(1.026 1.027+0.006 This work ~ pared with experimental values from the literature and this
1.028+0.010 18 work in Table I. These CCSD) electron affinity calcula-
1.00£0.06 17 tions use the frozen-cor@C) approximation and the triple-

PH, 1.201(1.279 1.263+0.006 Thiswork  zeta basis set. Vibrational normal-mode coordinates and
1.271£0.010 18 force constant matrices from the B3LYP/aug-cc-pVTZ calcu-
1.250.03 19 lations are used for Franck—Condon simulations of the spec-

P, 0.562 0.589+0.025 56 ra.
0.63+0.05 57

P,H 1.462 1.514+0.010 This work

trans HPPH 1.008 1.00£0.01 This work Il RESULTS AND DISCUSSION

cis HPPH 1.043 1.03+0.01 This work A Atomic phosphorus, P

H,PP (pyramida) 1.426

P,H3 1.557 1.74 eMVDE)® This work The 363.8-nm photoelectron spectrum ofi®displayed

%CCSOT,FC)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ with zero-point energy Il’.l Fig. 1. The electron a‘,ﬁlmty 9f phosphqrus atom Is pre-
corrections. Values in parenthesis are higher-level calculations from Ricc&iS€ly known from previous h|gh're430|Ut|0n photodetach-
and Bauschliche(Ref. 14. ment  threshold  measuremefts: EA,(P)=0.7465

E*l’en?ative assignment of isomers, as discussed in text. +0.0003 eV, as are the energy levels of ﬁF% spin—orbit
Vertical detachment energy. states of P, namely,*P, (0 cnm), 3P, (181+2 cm?), and
3P0 (263+2 cm?). The photoelectron spectrum exhibits

well-resolved peaks is +0.005 eltwo combined standard transitions from these anion levels to &, (0 cni?) and
uncertaintie?’). Atomic transition intensities and Franck— 2Ds, (11 361.02 ci?) and %Dy, (11 376.63 cr) levels®
Condon factors for fitting molecular spectra are calculatedf the neutral atom. These transitions are assigned as indi-
using thePESCAL program described previously?*2® cated in Table II. The largest peaks in the two multiplets are

Molecular structure and energy calculations are perdue to the IE*‘S(,,,Z)<—P‘(3P2) origin transition and the
formed usingsAUSSIAN 03*” Geometries and vibrational fre- P(*Dy,) < P~(*P,) transition, respectively. Th&P, levels of
quencies of the anions and neutral were calculated using™ are clearly resolved in the spectrum, but fii&,, and
density-functional theory (DFT) with Becke’s three- 2D5,2 levels of P are split by only 15.6 cth(1.9 meV\) and
parameter hybrid functional using the Lee—Yang—Parr correare not resolved.
lation (B3LYP)?® and with augmented correlation-consistent ~ Table I lists the calculated energies and relative intensi-
polarized valence triple-zetéaug-cc-pVT4 or quadruple- ties of the fine-structure transitions. The relative intensities
zeta (aug-cc-pVQZ basis setd®3! Electron affinities are are calculated in thé-S coupling approximation for one-
calculated using coupled-cluster the:ifr}at the coupled- electron detachment of gpZlectron using statistical factors
cluster with single and double excitations and perturbativeand Clebsch—Gordan coefficients as described by Engelking
inclusion of triple excitationdCCSIOT)] level in single- and Lineberge?® The spectrum is fit by nonlinear least-
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FIG. 1. Photoelectron spectrum of Bt a laser wavelength of 363.8 nmy=3.408 e\J. Photodetachment intensitiésolid circles are plotted as a function

of the electron binding energy and electron kinetic endeBE=hv-eKE). The bars and curves show fits using calculated relative intensities with anion
temperature of 390 K, as described in the text and listed in Table II. The inset shows the instrumental resolution function.

Downloaded 12 Jun 2005 to 128.138.107.158. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



194303-3 Phosphorous hydride anions J. Chem. Phys. 122, 194303 (2005)

TABLE II. Fine-structure transitions for?hyv—P+e".

Relative intensitf

Transition(P«—P") Energy(cm™) eBE (eV) Calc.(T=w) Calc.(T=390 K) Expt.

43, P, -263+2 0.7139 0.111 0.055 0.06
S, 3P, -181+2 0.7241 0.333 0.222 0.22
1S, 3P, 0 0.7468 0.556 0.723 0.72
2Dy P, 11098+2 2.1225 0.111 0.055 0.05
D, 3P, 1111442 2.1245 0.000 0.000 e
2D,,—3P, 11180+2 2.1326 0.233 0.156 0.14
D3P, 11196+2 2.1346 0.100 0.067 0.08
2Dy P, 11361+7 2.1551 0.056 0.072 0.12
D, P, 113772 2.1571 0.500 0.650 0.61
*This work.

bSlater and LinebergdiRef. 33, EA(P)=0.7465+0.0003 eV.
‘Martin et al. (Ref. 35.

squares optimization, as shown in Fig. 1, with no adjustmenEranck—Condon factors. For this purpose we calculate
of the predicted relative transition strengths. The typical in-Franck—Condon factors using the Morse oscillator
strumental resolution function obtained from the fit is aapproximatiorf>®’ The spectroscopic bond lengths and vi-
Gaussian distribution with a 6-meV full width at half maxi- brational constants for the neutral electronic states are listed
mum (FWHM) atop a second Gaussian “pedestal” of 22in Table 111.28-*¢ For the anion vibrational constants, we use
-meV FWHM and 6% relative intensity. The best fit is ob- the theoretical values of Rosmus and Méyeén Table IIl.
tained with an anion temperature ®=390+20 K for the These values agree with the less-precise experimental funda-
spin—orbit state populations. That is, the spin—orbit statenental frequency of Zittel and Lineberglérwho were able
populations of P are not completely equilibrated to the to observe the 8-1 hot band in the photoelectron spectrum
room-temperature flow tube buffer gas. The calculated relabecause of a higher anion temperature than is available with
tive fine-structure line strengths at this temperature are ithe present ion source. The Morse oscillator calculations
excellent agreement with the directly measured intensitieshow that a maximum Franck—Condon intensity of 0.02 cor-
(right-most column of Table )| determined by fitting the responds to a maximum change in the bond length of
spectra with the known transition energies but with transitior0.024 A for the anion relative to any of the three observed
intensities as additional adjustable parameters. The origielectronic states of PH. Zittel and LineberJgsassumed that
transition, *S,,P—P,P", is used to calibrate the absolute the bond length of PHis shorter than that of PH on the basis
electron kinetic-energy scale of the electrostatic analyzeof comparisons with isoelectronic molecules, lalt initio
relative to the precise threshold photodetachment valtle. calculations indicate that the anion is slightly longer. Rosmus
A linear correction factor for the relative energy scale ofand Meyef® and Meyer and Rosmtfsfind from coupled
(0.6+0.2% is calibrated using the spacing between theelectron pair approactCEPA) calculations that the ground-
“s,,,P ground-state and tH,,P excited-state transitions.

When the anion spin—orbit energy splittings are treated as 400 . . . . .
unknowns and the spectrum is fit with these as adjustable PH (CT)+h — PH+e
parameters, we findE(°P,)=265+5 cm® and E(*P,) 1 hv =3.408 eV
=181+5 cm™.

PH (X%
300 4 F

B. Phosphinidene, PH

1o+ 1,
The photoelectron spectrum of Plis shown in Fig. 2. 2004 PH(G I PH@'A) -
We observe transitions from tl)(azl'lj ground state of PHto
the X337, alA, andb 3" states of PH. Each of these tran-
sitions is completely vertical—the <80 origins are ob- 100 - L
served, but no &0 or higher vibrational transitions or 0
—1 hot bands. For all three electronic transitions, the elec-
tron is detached from one of the two nonbondipdype
orbitals centered on phosphorus. The three neutral electronic
states represent the different ways of coupling the two elec-
trons in these two orbitals. The absence of the A funda-
mental transitions places an upper limit of 0.02 for theFIG. 2. Photoelectron spectrum of Plt a laser wavelength of 363.8 nm
Franck—Condon factors for each transition, limited by the("”=3:408 eV. Photodetachment intensitigsoints are plotted as a func-

. . - tion of the electron binding energy. Transitions from the ground-state anion
base line noise level. Limits on the bond length of Ry (5 the three lowest electronic states of PH are labeled. Each of the three
be estimated from this experimental upper limit for theelectronic transitions show only the-90 vibrational origin transition.

Photoelectron Counts

0 - "~ " S eridbtna . Frn
t t T T

3.0 25 2.0 1.5 1.0 0.5
Electron Binding Energy / eV
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TABLE Ill. Molecular constants of PH and PH

Value PH X211 PHX33" PHa'A PHbS?

To -1.027+0.006 ¥ 0 7558+15 crmt® 14 310+30 crit?
7555.08 crit® 14 345 cm*®

re (A) 1.430<r,<1.442 1.4228 [1.4208 1.418

ro (A) 1.432¢4 1.430% 1.428

we (cY) 2248 2363.8 2418 2403.6

wXe (CmY) 50 434 48 42.¢

A (cmh) -185+1C0

#This work.

PReference 38.

‘T, calculated fromT,=14325.5+0.1 cmt from Droege and EngelkingRef. 40 and vibrational constants
listed herer, calculated fronB, and .. See also Refs. 41-44.

YReference 39.

*Estimated from experimenta} by interpolation between other states.

Theoretical values used for Franck—Condon calculatitef. 45.

9Theoretical values used for Franck—Condon calculati®tes. 46.

state bond length is 0.015 A longer in the anion, while ourthe DIATOMIC prograrréf8 with the rotational and spin—orbit
density-functional theory calculations at the B3LYP/aug-cc-coupling constants in Table Ill, and then convolved over the
pVQZ level give 0.011 A. These values are completely coninstrumental resolution function obtained from the atomic P
sistent with our experimental upper limit of 0.024 A. Taking spectrum. The spin—orbit constant for the anion and the anion
the shortest of the neutral staf*@se= 1.418 A for PHb!S*,  temperature are obtained by manually adjusting the values in
our maximum bond-length change yields an upper limit ofbiAToMIC until a reasonable match to the observed contours
re<1.442 A for PH X?; The minimum change of is obtained. We obtain good fits wifi=300 K andA(ZH)
0 008 A found by Zittel and Llneberg]@rfrom the intensity =-185+10 cm®. As shown in Fig. 3, very good but not
of the 0— 1 hot band of the PEX 33"« PH™ X I transition  perfect agreement with the observed contours is obtained.
gives a lower limit ofr,>1.430 A. Thus, the bond length of The small deviations may arise from the approximation of
the anion is fairly tightly established as 1.436s%, treating the photodetachment process as an absorption tran-
<1.442 A, in excellent agreement with the CEPA theoreticalsition (i.e., neglecting the detailed interaction of the outgoing
valué® of 1.441 A and our calculation of 1.439 A at the electron with the states of the neujrar the approximation
B3LYP/aug-cc-pVQZ level. that the rotational and spin—orbit temperatures of the anion
Figure 3 presents each electronic transition in the photoare identical. Modeling with values of the spin—orbit splitting
electron spectrum of PHon an expanded scale, showing outside this -185+10 cm range results in visually de-
that these transitions are structured. The structure arises frograded fits to the main branches. To our knowledge, this
the spin—orbit splitting of thél'lg,2 and 21'[1,2 states of PA  result is the first experimental measurement of the spin—orbit
and from the contours of partially resolved rotational splitting in PH". It is in excellent agreement with the theo-
branches, which were not resolved in the previous photoeleaetical value of —185.7 cit calculated by relativistic self-
tron spectrd® To simulate the contours, line positions and consistent-field methodS.The rotationless origins for each
line strengths are calculated fpPH(* 32)+e 1—PH (ZH) electronic transition are marked by vertical bars in Fig. 3.
and [PH(*A)+e7]—PH" (ZH) absorption transitions using The energies of these origin transitions give the adiabatic

PH (b 'Sh — PH (X°I1) PH(a'A) — PH (X°II) PH (X327) < PH (X ’I1))
1 L 1 L 1 1 M RS S S RS S S
800 - L 1000 F
2000 - -
é 600 ‘ 800 - -
5 i i 1500 - :
§ 600 3
3 400 1 I 1000 - -
g 400 - I
=]
& 200 -+ 3
. 200 n 500 . I
0 1 T T O - T T v O L L
2.85 2.80 275 2.00 1.95 1.90 1.10 1.05 1.00 0.95
Electron Binding Energy / eV Electron Binding Energy / eV Electron Binding Energy / eV

FIG. 3. Expanded portions of the photoelectron spectrum of $héwing the partially resolved rotational and spin—orbit state contours of the three electronic
transitions. The points represent the photodetachment intensities and the curves show the calculated rotational and spin—orbit transigoheveoriie
instrumental resolution function, as described in the text. The vertical bars mark the rotationless origins of each transition.
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e S TABLE IV. Molecular constants for PiHand PH.
40004 | . PHy +hv — PHy+e -
1 101200300
v =3.532eV Constant P& PH,
12000 ] 190200300 A (cmY) 8.96 9.118
2 10000 | B (cm™) 7.76 8.083
g ] C (cm™) 4.16 4.214
T 8000 - I r (&) ' +(0.016+0.004~1.439 1.428
g ] 6 0'+(0.6£0.2~92.3 91.7
@ 6000 - B 121 (cm’l) 1060 1101.4
g ] vy (crd) 2221 2295+18
4000 L 23107
] 190201300 vy (™l 2228 2336
2000 4 0 | EA (eV) 1.263+0.008
] L *This work except as noted. Rotational constants are calculated from the
0 T ! L estimated geometry neglecting the inertial defect.
1.6 L5 14 13 12 PReference 51.
Electron Binding Energy / eV ‘References 53 and 55.
40000 L L L L L Frequencies calculated at the B3LYP/aug-cc-pVTZ level with a scaling
factor of 0.98.
fy =3408 eV Q °References 54 and 55.
30000 -
@ range of the experiment. The spectrum is nearly vertical,
z dominated by the 6-0 origin transition, consistent with de-
% tachment of the electron from a nonbonding phosphorus
3 20000 1 i p-type orbital. A weak 1-0 transition of ther; symmetric
E stretch vibration is clearly observed and a slight rise above
= the background is observed at the expected position of the
10000 - - 1+ 0 transition of thew, bending vibration. The asymmetric
stretch mode is not active by symmetry selection rules, and
the relatively high anion frequencies and small Franck—
0 . . . . Condon factors suppress the hot bands. The origin transition
132 1.30 128 1.26 1.24 1.22 and symmetric stretch fundamental transition exhibit par-

Electron Binding Energy / eV tially resolved rotational contours with a centi@l branch
peak and adjacer? and R branches, as shown in the ex-
FIG. 4. Photoelectron spectra of PHa) Full spectrum at a laser wave- i P ; ;
length of 351.1 nm(h»=3.531 eV plotted as a function of the electron panded plot of the origin transition in Fig(B).
binding energy. The points represent the photodetachment intensities and the TP_ mo_del the rotational contour, the phOto_det?Chment
line is a Franck—Condon fit, as discussed in the text. The region includindransition is treated as a two-step prOC@SQHZ(X A)
the symmetric stretch and bending transitions is multiplied by a factor of 50_, PH;(lBl) — PH,(X 231) +e7(ks). The virtual intermediate
and offset from the lower axigb) Spectrum of the origin transition at a anion state represents the ?&hion with the extra electron
laser wavelength of 363.8 nithr=3.408 eV} and with higher resolution | A P ] . . .
conditions than in parta). Photodetachment intensitiégoints are com-  iN & continuums orbital. As described in a previous work on
pared with the calculated rotational contdline). The unresolved contours  the isovalent anion NE!SO the rotational energy levels and
of the P, Q, andR branches are labeled. The vertical bar marks the rotauon-transrtlon IntenSItIeS are Calculated for an asymmetrlc rotor
less origin. using type€ selection rules. Rotational constants are known
o _ for the neutral and are presented in Table'fV->*For the
electron binding energy for each electronic state. The resulanion we used calculated geometries for initial fits, but the
ing value for the adiabatic electron affinity IS contours shown in Fig. 4 use the rotational constants in Table
EAo(PH X "%7)=1.027+0.006 eV, which is in complete |v obtained from our Franck—Condon analysis described be-
agreement  with - the previous = experimental value Ooflow. A temperature of 300 K was used for Boltzmann rota-
1-028i0-0101 eV? The measured electronic term energiestional energy-level populations and the calculated lines are
are To(Pﬁfl A)=0.953£0.003 eV or 7560+20 ch and  proadened by the instrumental resolution function obtained
To(PHb"27)=1.774+0.005 eV or 14310+40 ¢ Thlese from the atomic phosphorus spectrum. This simulated con-
energies agree with ||t6flatyfe values ldfo(PH a’A)  tour agrees well with the experiment, as shown in Figp) 4
=7555.1 cm” and To(PHb %8)43 14345 cm™ from elec-  The binding energy of the rotationless origin marked in Fig.
tronic spectroscopyTable Il1).” 4(b) represents the measured adiabatic electron affinity,
EAy(PH,)=1.263+0.006 eV, in agreement with the previous
. . photoelectron spectroscopy vattief 1.271+0.010 eV.
C. Phosphino radical, PH The position of the 0 transition of the symmetric
Figure 4a) shows the vibrational transitions of the stretch gives a vibrational frequency for neutral JPbf
PH,(X ?B,) —PH,(X'A)) band in the photoelectron spec- 2295+15 cm?, in reasonable agreement with 2310+27¢m
trum of PH,. No other transitions are observed in the energyfrom a high-temperature Raman spectriinfobtained by
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subtracting the PEsignal from the spectrum of PHand
PHs). The bending vibration is too weak for a precise deter- 1 @PH,
mination of its frequency; we use the spectroscopic Valte 1 (low mass)
of 1101.4 cm?. By comparison with these experimental fre-
quencies, an empirical scaling factor of 0.98 is determined 7
for frequencies calculated by the B3LYP/aug-cc-pVTZ 7 L
method. These scaled frequencies for the anion and the inac- L ma phide,
tive symmetric stretch are listed in Table IV. To model the i
intensities, Franck—Condon factors are calculated in the
harmonic-oscillator approximation using methods described
previously?6 Duschinsky rotation is included using normal
coordinate vectors from the B3LYP/aug-cc-p-VTZ frequency N
calculations, but the Duschinsky rotation effect is minor for
this system. The geometry displacements between the known |
values for the neutrdTable 1V)>! and the anion are found by 4 ©Pp
fitting the Franck—Condon intensities. The Franck—Condon
fit can establish the magnitude but not the sign of the
changes in the bond length and angle. Calculations show that
both increase from neutral to the anion. Using the calculated
geometries to assign the direction of the change, we find that

.l
the bond length in the anion is 0.016+0.004 A longer than in 1 @pr,H
the neutral and that the bond angle is 0.6°+0.2° wider. Us- ]

(b) P,H,~
- (high mass)

A

ing geometry values for the neutral from Chenal,> we
can estimate geometries and rotational constants fgr B$1
listed in Table IV.

1 13
D. Identification of P ,H,, species

B, (¢) trans-HPPH ‘A,
The BH,, species are incompletely resolved in the mass ]
spectrum. Survey photoelectron spectra, taken by adjusting ]
the setting of the Wien filter to the low- or high-mass side of T
\M:\Al

Relative Intensity

the BH, peak, are compared in Figs(a and §b). These ]

spectra show that at least two different molecular anions are T B,

present. The major species in Figaphas an origin peak at 7 () cis-HPPH

an electron binding energy of about 1.52 eV and is on the T

low-mass side of the peak. Three additional transitions arise n
when the mass setting is moved to the higher-mass side of .
the peak, as shown in Fig(ty. To identify the major tran-

sitions in Figs. §a) and b), we compare them with simu- 1 (¢) HoPP pyramidal /‘NML

lated spectra for B P,H”, P,H,, and BH3 in Figs. .
5(c)-5(h). The simulated spectra use B3LYP/aug-cc-pVTZ i
geometries, frequencies, and normal-mode vectors, with 4
electron affinities calculated at the CCSIVaug-cc-pVTZ// i
B3LYP/aug-cc-pVTZ level. The Franck—Condon profiles are

calculated in the harmonic-oscillator approximation with full ) '(h') P'H' S ' o
treatment of Duschinsky rotatidi:?® 23
Several low-lying electronic states and isomers gl 7
3 2

and BH, exist, as previously studied by Schaefer and —

co-workers’ ™ Our theoretical calculations generally agree

with those results; here we use the CQ¥Paug-cc-pVTZ//

B3LYP/aug-cc-pVTZ relative energies as shown in Fig. 6 for T

consistent comparisons. The Franck—Condon simulations for o 1 0

transHPPH and cisHPPH are shown in Figs. ®) and Electron Binding Energy / eV

5(), reSpeCt'V,er' Therans 'Somer_ is the ground doublet FIG. 5. Comparison of experimental and simulated photoelectron spectra of

state of the anion and the neutral singlet ground state, but thgn: species. Normalized band intensities are plotted as a function of the

cisisomer is only 0.10 eV higher for the anion and 0.14 eVelectron binding energya) Experimental spectrum on the low-mass side of

higher for the neutral according to the calculations. Thethe mass peakb) Experimental spectrum on the high-mass side of the mass
. . eak.(c)—(h) Simulated Franck—Condon profiles for the labeled species, as

stable geometry of the triplet excited state of neutral HPPI—Eiscussed in the text.

is nonplanar(skewed geometjy with a dihedral angle of
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v

— 2
trans-HPPH (lBg) -1.008 eV P,H, (2A) 0.0 eV
trans-HPPH ("4,) 0.0 eV PyH3~ Ca) 0.142ev
trans-HPPH (°B, 2.157 eV

I Se

P,H, ('4) -1.557 eV

cis-HPPH™ (*4,) —0.906 eV
P,H,* (%4) 0.100 eV

cis-HPPH ('4,) 0.136 eV
cis-HPPH* (°B,) 1.789 eV

I

P,H,” (‘4) -1.527 eV
skewed-HPPH (B) 1.341 eV 55
P,H,* (4)0.142 eV

PI S

H,PP™ (%4') -0.327 ¢V

H,PP (147) 1.123 eV
H,PP (4") 1.100 eV
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FIG. 7. Photoelectron spectrum ofHP™ at a laser wavelength of 351.1 nm
(hv=3.531 eVj. Photodetachment intensitigsointy are plotted as a func-
tion of the electron binding energy. The solid line is the Franck—Condon fit
described in the text. The labels indicate the vibrational transition assign-
ments for they; (PH stretch, v, (PPH beng, and v5 (PP stretch modes.

overlap with the ground-state anion. Barriers for interconver-
sion of the neutral fH, isomers are expected to be hitfht
The geometries of the calculated low-energy isomers of
P,H; and BH3 are also shown in Fig. 6. Compared with the
lowest-energy singlet JPPH" anion geometry wittC, sym-
metry, the neutral molecule is asymmetric with the PPH
plane containing the lone hydrogen rotated out of the anionic
C, plane by about 72°. The singlet anion has two nearly
degenerate conformations @ symmetry, which correspond
to saddle points on the neutral doublet surface. The triplet

FIG. 6. Structures of low-lying isomers and electronic states,bf, PP,H, '_amon has the, same asymmetric geometry as the neutral, but
and their anions. Energies in eV relative to the ground-state neutrals a Unbound with respect to electron detachment. Because the
calculated at the CCS[D)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level. The anion has poor Franck—Condon overlap with the ground-state
;tr_uctures represent mihima on the pptential-energy_ surface except for.trarﬁeutraL the harmonic approximation for Franck—=Condon fac-
sition states marked with a superscript dagger, which have one |mag|nar%/orS is not useful. In Fig. ($]) we instead p|0t the simulated
frequency. )

spectrum for vertical transitions from ti@& anions to theCg

saddle points on the neutral surface, with the two anion con-
92°. Thecis andtransisomers on the neutral triplet surface formations weighted for a 300-K population. The actual
represent transition state geometries for the rotation arounsbectrum to the asymmetric neutral would be expected to be
the PP bond of the skewed, nonplanar HPPH. The geometiiy the same energy region but with greater broadening be-
difference between the anid@ither trans or cis) and the cause of the neglected displacement in th& HPH internal
nonplanar neutral triplet is thus quite large and the Franck+otation coordinate.
Condon factors in the harmonic approximation are not mean- We now compare the simulated spectra in Figs.
ingful. The simulations in Fig. 5 focisHPPH andtrans 5(c)-5(h) to the experimental spectra in Figgaband 5b) to
HPPH instead show the vertical transitions to &tissHPPH  aid species assignments. It is clear that the major observed
and transHPPH triplet transition states, respectively, ob-transition neareBE=1.5 eV is BH~, as simulated in Fig.
tained by simply ignoring the mode with imaginary fre- 5(d). This band is shown in Fig. 7 under conditions that
guency in the upper state. That is an oversimplification; theseninimize interferences and is considered in detail in Sec.
simulations are intended merely to show the regions wherdél E. No transitions matching Pare observed, but the simu-
the transition to the neutral triplet surface might occur. Thelated spectrum in Fig. (6) is similar to the experimental
relative intensities of the two electronic transitions are arbi-spectra reported by Snodgrastsal®® and by Jonest al.”’
trarily normalized. The pyramidal ##P anion is 0.68 eV  with EA(P,)=0.589+0.025 eV® The observed band near
higher than the ground-stateansHPPH. The Franck— eBE=1.0 appears to be due tmnsHPPH or cisHPPH.
Condon simulation for pyramidal P to the triplet Figure 8 shows the HPPHransition under conditions where
ground-state neutral is shown in Figigh Singlet HPP is  P,H™ is suppressed; this spectrum is considered further be-
calculated to be only 0.023 eV higher than the triplet, but itlow. Judging by the intensities as the mass setting is varied,
is planar and would therefore have poor Franck—Condoithe band neaeBE=2.9 eV likely arises from anions of the
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60 : - - ! L sistent with a broad, nonvertical transition as expected from
P, +hv — P e ° H,PPH" to the asymmetrlc IzPRH neutral. This band is too
weak for more detailed analysis.

50 4 hv=3.531eV .

= E. Diphosphenyl radical, P ,H

S 40 -

é Figure 7 shows the spectrum of the,HP (°A’)

g 30 —P,H (*A") transition and a Franck—Condon fit with opti-

2 mized displacements and neutral frequencies. The spectrum

E shown was taken on the low-mass side of th&l Pmass

a% 20 peak and is predominantly due tgHP". Two vibrational pro-
gressions can be identified. The calculations for neutsel P

give frequencies of 2267 cth(PH stretch, 666 cm* (PPH

1 bend, and 611 critt (PP stretch The first two frequencies
have the largest calculated normal-mode displacements be-
0 tween the singlet anion and the neutral, and can therefore be
L4 o assigned as the observed modes. We therefore assign the
Electron Binding Energy / eV 2160+30 cm’ progression to the PH stretaw;) and the
60 f————rrt— 630+20 cm* progression to the PPH bertd,). For calcu-
trans-HPPH - lating the Franck—Condon fits, the frequencies for unob-
50 4 === cis-HPPH B served modes are fixed at the calculated values, scaled by

95% to match the two experimental frequencies. The peak
profiles are simulated by treatingh? and BH™ as asymmet-

ric rotors and convoluting over the instrumental resolution
function. The overall peak contour has a full width at half
maximum of 20 meV, and the effective rotational correction
of the origin peak position is =2 meV. The electron affinity
from the optimized fits is EAP,H)=1.514+0.010 eV. To
our knowledge, there are no previous experimental reports of
this electron affinity.

Because the PP-stretching mode is not observed, the ex-
act geometry change cannot be derived from the data. We
obtain approximate values by fixing the displacement for that
mode at thgsmal)) calculated value, and using the Franck—

Electron Binding Energy / eV Condon intensities to fit the displacements in the other two
modes. This gives estimates of an increase of 0.023 A for the
FIG. 8. (a) Experimental photoelectron spectrumHPPH" at a laser wave- PP distance, an increase of 0.068 A for the PH distance, and

length of 351.1 nn{hv=3.531 eV. Photoelectron countigointsy are plot- : o ;
ted as a function of the electron binding energy. The arrows indicate thean increase of 8° in the PPH angle from the neutral to the

origins of the PP-stretch mode progressions, tentatively assigngers anion. The calculated neutral geometryr{®P=2.007 A,
HPPH anctis-HPPH as discussed in the tegt) Franck—Condon fits for the  r(PH)=1.435 A, anda=98°; experimental values are un-
primary vibrational progression assigneditansHPPH™ (solid line) and to known.

the secondary vibrational progression assignecdis¢iPPH" (dashed ling

The solid line in pari(@) is the sum of the fits for these two isomers.

Photoelectron Counts

F. Diphosphene, HPPH

same mass as teBE=1.0 eV transition, i.e., #,. We ten- The experimental spectrum of the HPPband is shown

tatively assign this band to triplet HPPH, which as discussed@™ 2" IeXpan%edtgcaltla in Fig. 8. The ?Ig?al is \tNeak, but the;e

above would be a transition to the triplet surface in the re/> @ clear vibrational progression starting at an origin a
. ) . : eBE=1.00 eV with a frequency of about 600 tnAs noted

gion of thecis- or transHPPH transition states for isomer- . .

= ation bet the t ol | HPPH above, theransHPPH and cisHPPH  isomers have very

Ieztériitla(;n etween he wo possibie nonplanar 9€OMgimilar calculated energies, frequencies, and simulated

. . Franck—Condon profiles. Therefore, a definitive isomeric as-
~ The final band observed for the higher-massiPspe-  gjgnment of the experimental spectrum is not possible. The
cies is a weak transition that peakseBE =1.74 eV and that - major vibrational progression can be fit starting with the
partially overlaps the stronger,R~ band, as shown in Fig. simuylated spectra of either isomer and making minor adjust-
S(b) The two candidates for its aSSignment are pyramidal'nents to the PP_Stretch mode frequer@ajcu'ated as
H,PP and H,PPH". We tentatively assign this transition as 616 cnm! in transHPPH and 603 cit in cisHPPH and
H,PPH because the calculated energy matches better thajeometry displacements. The other two active, totally sym-
for pyramidal HPP" and because it would be surprising to metric vibrational modes—the PH symmetric stretches with
have the highly excited #PP isomer present in the ion calculated frequencies of 2335and 2366 cimt for trans
beam. No origin transition can be discerned, which is conandcis, respectively, and the PPH symmetric in plane bends
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TABLE V. Derived thermochemical values.

RH

Value PH PH, PH; Ref.
EAH(R) (eV) 0.7465+0.0003 1.027+0.006 1.263+0.006 EXpt.

0.734 1.026 1.271 Thedty
Dy(R-H) (kJ mol%) 203.3+2.1 =312.5+2.1 <345.0+1.9 Expt.

293.0 3175 339.6 Thedty
AciHo(RH) (kJ mor?) 1533.3+2.1 =>1525.6+2.2 <1535.2+2.0 Expt.

1534.6 1530.9 1529.4 Thedy
AqcidHaod RH) (kJ mol?) 1537.6+2.1 >1530.9+2.2 <1541.3+2.0 Expt.
Ao RH) (I mortK™2) 80.1+2 96.7+2 105.9+2 Expit.
AcidGaos(RH) (kJ mor?) 1513.7+2.2 =>1502.1+2.2 <1509.7+2.1 Expt.

1520+8.4 Expf

“From Table I.

PCCSIT) with complete basis-set extrapolation, zero-point energy, and spin—orbit corrections from Ricca and
Bauschlicher(Ref. 14. Gas-phase phase acidities derived usingd)E0.5 hartree.

‘Berkowitzand co-workeréRefs. 58—62

A ciH(RH) =D(RH) +1E(H) - EA(R).

®Thermal enthalpy correlations and entropies calculated using the harmonic-oscillator, rigid-rotor approxima-
tions: AH,gg=AHo+ [3%AC,AT and ASyg= [3°(AC,/ T)dT.

'AG=AH-TAS

9lon cyclotron resonance equilibriufRef. 65.

at 970 and 741 cim—have small calculated Franck—Condon Boltzmann vibrational population of the anion, at least in the
factors and are not observed. The activity of the PP-stretcharmonic-oscillator approximation. Therefore, this assign-
mode results from the removal of an electron from thement is less satisfactory. Observation of these sequence tran-
highest-occupied molecular orbital in the anion, which is essitions in a higher-resolution experiment could help confirm
sentially a phosphorus out-of-plaper” antibonding orbital.  the identities of the isomers.
The transHPPH parameters do provide a slightly better fit,
consistent with the 0.1-eV lower energy calculatedtfans
HPPH compared witltisHPPH, but either fit of the major
progression is acceptable given the quality of the data. How- The electron affinities determined in this work are col-
ever, there is an additional weaker secondary vibrational praected in Table | and compared with literature and calculated
gression that is not reproduced by either simulation. It has amalues. The gas-phase acidities of PH,,P&hd PH can be
apparent origin aeBE=1.03 eV and a frequency also of derived from the electron affinities reported here and the
about 600 critt. The 240-crit spacing between the origin of bond dissociation energies from Berkowi al>®~%? using
the major progression at 1.00 eV and the peak at 1.03 eV ithe negative-ion thermochemical cycleA,H(RH)
too small to match any of the vibrational modes of either=D(RH)-EA(R)+IE(H), where the ionization energy of hy-
transHPPH or cisHPPH. Therefore, we provisionally as- drogen is IEH)=1312.05 kJ/mof® These derivations are
sign this progression to the isomaherthan the one respon- summarized in Table V. The experimental P—H bond disso-
sible for the major progression. Using the theoretical enereiation energies of Piand PH rely on the threshold photo-
gies as a guide, we can tentatively identify the majorionization appearance energy of Pitom PH; which is
progression as transHPPH  with EAq(transHPPH  (strictly) an upper limit®>° Therefore, Do(H,P—H) and
=1.00£0.01 eV and the secondary progression cis Do(HP—H) are upper and lower limits, respectively, and a
HPPH with EAy(cisHPPH=1.03£0.01 eV. Overlap of decrease in the value d@y(H,P—H) implies an equal in-
the two isomer transitions and the weak signal intensity preerease inDy(HP—H). Thermal enthalpy and entropy correc-
clude further analysis. tions have been applied in the harmonic-oscillator, rigid-
A more remote possibility for the assignment of the sec—rotor approximations using experimental parameters reported
ondary progression is to the11 hot sequence band of the in Tables Il and IV or B3LYP/aug-cc-pVTZ calculated val-
out-of-plane bending mode, noting thist =0 transitions are ues.
allowed for nontotally symmetric modes. The out-of-plane  For PH;, the gas-phase acidity ofA..idGoos
bend exhibits a large calculated frequency change from=1509.7+2.1 kJ/mol derived in Table V may be compared
449 cm! (289 cn1?) in the anion to 775 cit (699 cmi) in  with an ion cyclotron resonance equilibrium measure-
the neutral for thetrangcis) isomer. These transitions are menf*®°of 1520+8.4 kJ/mol. With just touching error bars,
seen in the simulation in Fig.(8) for the trans isomer as these values are not in good agreement, but the experimental
small peaks aeBE=1.042, 1.117, and 1.192 eV. Fitting the discrepancy of 29 kJ/mol in the negative-ion cycle for;PH
intensities and transition energies of this mode to the experithat was noted by BartméSshas been diminished.
mental peaks would require a shift of frequency of 84% The experimental electron affinities, bond dissociation
for cis) from the calculated value for the neutaida non-  energies, and gas-phase acidities are compared in Table V

G. Thermochemistry
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