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Electron and anion mobility in low density hydrogen cyanide gas.
|. Dipole-bound electron ground states

Th. Klahn and P. Krebs?®
Institut fir Physikalische Chemie und Elektrochemie, Lehrstihhfolekulare physikalische Chemie,
Universita Karlsruhe, Kaiserstrasse 12, D-76128 Karlsruhe, Federal Republic of Germany

(Received 3 September 1997; accepted 31 March)1998

We measured the mobility of excess electrons in the polar hydrogen cyanid® gaa 485 D at

low densities as a function of density and temperature by the so-called pulsed Townsend method.
Experiments were performed at 294 and 333 K in the gas number density rangel0'23n
<3.61x10*® cm™3. We found a strong density dependence of the “zero-field” density-normalized
mobility (xn). Only about 10% of the observed density variation can be qualitatively explained by
coherent and incoherent multiple scattering effects. With increasing gas density an increasing
number of linear HCN dimers is formed which due to the high dipole momBnt§.552 D
represent much stronger electron scatterers than the HCN monomers. It was found that the dimers
may be only in part responsible for the observed density effect. Therefore, we consider a transport
process where short-livedipole-bound electron ground statéifetime =12 p9 as quasilocalized
states are involved. For comparison the electron mobilitgaiturated2-aminoethanol vapor with a
dipole moment of similar sizel{=3.05 D) does not show any anomalous density behavior in the
temperature range 288T<435 K. In contrast to this the electron mobility saturatedbut also in
nonsaturatedCH;CN gas O =3.925 D shows a density behavior similar to that in HCN. 1998
American Institute of Physic§S0021-960608)01626-7

I. INTRODUCTION molecular systems has a rather strong effect on the critical
- . binding properties of polar molecules: The number of bound
Slow electrons drifting under the influence of an external g prop P . . _

o : . states of the electron in the dipolar field of a molecule with
electric fieldE in polar gases undergo strong scattering dueD . - .

. : : ? >D. is reduced to a finite humber as it was shown by
to the long-range anisotropic electron/electric d|p0|eGarrett7 However. the minimum dipole moment necessar
interaction® For polar gases with a dipole momebt=3 D ¢ ' tat | so bound stat po' d by 10% ty
the number densityy at which the de Broglie wavelength 0 support at leasbne bound state IS increased by oo

i0% in comparison with that of a dipole fixed in space. In

just exceeds the mean free path of the electron is low, i.e., ifi™ . A
the order of some 8 cm 3 at T=2300 K. Therefore, mul- this caseD. depends on the effective dipole length, the ro-

tiple scattering has to be considered already at much lowd@tional state, and the moments of inertia of the polar
densities. In addition, it cannot be excluded at all that themolecules:
electron is temporarily or permanently captured by the dipole ~ The binding energies of dipole-bound electron states
molecules forming molecular negative ions. The probabilitymay be extremely small at least in cases where the dipole
of such a process increases with Therefore, the electron moment is near the critical value. Thus one could eXpeCt that
mobility in polar gases may show a large dependence on the formation of the dipole-supported anion might be diffi-
andT at such low gas densities. cult to observe since the very diffuse and weakly bound elec-
Molecular negative ions formed by electron addition totron would be subject to stripping by thermal collisional pro-
closed shell neutral molecules are frequently unstable relasesses within a gas sample and/or by the electric fields to
tive to autodetachment. However, if the electric dipole mo-which they are subjected in the process of mass analysis or in
ment of the molecule is sufficiently large then an electrondrift mobility measurements. For example, such a dipole-
may be captured in the electrostatic dipole field of the mol-bound anion in water, i.e., (), was prepared by Haber-
ecule to form a so-called dipole-bound anion. It were Fermiand and co-workers in a beam experiment and detected by
and Tellef who first established the critical permanent elec-mass spectroscoﬁy‘_l’he vertical detachment energy of the
tric dipole momentD.=1.625 D required to bind an elec- water dimer anion of 42 meV was determined by photoelec-
tron. Crawford and Delgarn%J,Cranord and Garreﬁ,and tron experiments by Bowen and CO-WOI‘ké?S.
Garret? have shown that the electric dlpOle field of a station- We are concerned with the electron transport processes
ary molecule can bind an electron in an infinite number ofin polar gases, especially in the transition from the quasifree
bound states iD is greater tharD.. The electron exists in  tg the localized electron state. In the past we have performed
an extensive orbital, described by a diffuse wave function. extensive electron mobility measurements in sub- and super-
The consideration of rotational degrees of freedom in realitical NH,'"2and in subcritical HO**3gas as a function
of gas density and temperature up to very high densities in
dAuthor to whom correspondence should be addressed. order to study this transition in a disordered medium of di-
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pole scatterers. We continued these studies on electrons ir [ T ' ' ' T ™
sub- and supercritical CJ®H gas*~® and in subcritical ®
CH,CN!’ gas also at much lower densities to study different
multiple scattering effects on the electron mobility. From ]
preliminary and not very accurate results on the electron mo- ~ 1y, o .-
bility in low density saturatedCH;CN vapor 0 =3.925 D

we suggested that we have found dipole-bound electron
ground statesn thermal equilibrium(we prefer to use the
formula[e™---CH;CN] instead of CHCN™ to point out the
weakly bound electrognwhich are involved in the transport z 5
process* In the meantime we have performed electron mo- )
bility measurements in low density GEIN gas with much L e o e 1o 5 20 s
higher accuracy which besides multiple scattering effects o kZ L . ! .
demonstrate the existence of short-lived dipole-bound elec- 0 1 2 °, by 5 6

tron states with a mean lifetime of about 20 ps (303 E(10°Vem™)

<343 K) as precursors of the localized electron staféhis g, 1. swarm aritt velocity 4 as a function of the electric field strengéh
result is supported by recent beam experiments performed kiyr electrons in low density HCN gad'&294 K, n=1.73<10!®  cm3).

Schermann and coworkéfs showing that Compton’s The insets show the recorded electron current waveforms for different elec-
0 : ; . tric field strengths signed by the arrows. A part of the electrons is captured
metho& for  the productlon of deOIe supported during the drift by HCN forming anions. The dashed line demonstrates the

[e™---CH;CN] could be used as a general way to @&UNd jinear relationship between, andE at low electric field strength.
state dipole-bound anions. With this method electrons are

attached to closed shell polar molecules from laser-excited
Rydberg atoms. Subsequently, Schermann and co-workeevent approximation. Finally, we consider an effective elec-
field detached the dipole-bound electron from the producedron localization process involving the dipole-bound state to
anion[e ---CH;CN] to ensure that it possessed in fact atake part in the electron transport. A summary is given in
weakly bound diffuse electron as expected for the dipoleSec. IV.
bound species. Such it has become now possible to compare
qualitatively nonequilibrium results of beam experiments; expeRIMENT
with thermal equilibrium results of mobility measurements.

The dipole momentD=2.985 D of HCN! is much A Pulsed Townsend method
smaller than that of CgCN but far aboveDC. Therefore, The pu|sed Townsend method is a well-known and
HCN should form a dipole-bound electron state as predictediidely used method to perform electron mobility measure-
theoretically by Garreft. Moreover, the influence of the ments. A constant potential differenteis applied between
dipole-bound state should be more easily observed in eleawo circular, plane, parallel electrodes of radiysseparated
tron mobility measurements in comparison with LMl be- by a distancel. A thin slice ofn, electrons is photoinjected
cause due to the lower dipole moment the contribution ofrom the cathode by means of a short UV laser pulse into the
incoherent multiple scattering effects should be quite smallmedium under investigation. Under the influence of the ap-
However, in contrast to CACN some complications are to plied electric fieldE=U/d the swarm of about Foto 10’
be expected due to orientational correlations among the HClNlectrons drifts to the anode with the drift velocity giving
molecules and/or due to HCN dimer formation. In a prelimi-rise to an induced current= —en.w4/d through a load re-
nary report we have given some hint to the formation ofsistor R, , if d<r. If electron attachment to the gas mol-
dipole-bound electrons in low density HCN ¢@sln this  ecules can be neglected, and vy are constant. In this
paper we present an extensive study of the mobility of elecsimple case théconstank current drops to zero when all the
trons in HCN gas. For comparison we present also results oglectrons are collected by the anode. With the experimentally
the electron mobility in 2-aminoethanol, a molecule with aobserved electron current pulse duratignone obtains the
dipole moment similar to that of HCN but with larger mo- drift velocity vq=d/ty. From the experimental linear rela-
ments of inertia. tionship betweenyy and E, the mobility w is determined

In Sec. Il we will give a description of our experiments. from w=v4/E in the limit of zero field(see Fig. 1 In Fig.
The experimental results are presented and discussed in S@cwe show the schematics of the experimental set-up for the
[ll. There, we analyze the electron mobility observed in lowelectron and ion mobility measurements in HCN gas. For the
density HCN gas according to Polischuk’s theoretical calcuelectron mobility measurements iow densityHCN gas we
lations on quantum multiple scattering corrections to the mohave developed a new drift céBee Fig. 3. This drift cell is
bility of the electrong?* It will be demonstrated, at least made out of Duran glass with quartz windows, and an elec-
qualitatively, that due to the real behavior of the dipolar gasrode assembly made out of stainless steel. The distdnce
correlations in positions between the dipole molecules canbetween the photocathode and the anode can be varied be-
not be neglected. These effects, however, do not describe tiiween 0.10 and 0.650.01 cm. This cell withstands pres-
observed density variation of the electron mobility. There-sures up to 40 bar for temperaturés<400 K. Different
fore, we estimate also the influence of HCN dimers in thepressure sensok$lottinger Baldwin can be coupled to the
drift gas on the electron mobility in the single scatteringdrift cell to measure the gas pressure in the drift space with a
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DRIFT CELL N YAG TASER stepwise improved in our laboratory. In the beginning about
o ‘-ﬁ S R . 24 g KCN were dried and degassed at 373 K at a vacuum
g _ v } line (better than 10° mbay. After KCN was cooled down to
@ 77 K about 10 ml of fourfold distilled water were condensed
on KCN. To avoid an undesired hydrolysis the KCN/water
mixture was kept frozen until starting the synthesis. Subse-
quently, 30 ml of an aqueous solution 0§$0, (50 mass %
were prepared in a dropping funnel and were gently bubbled
with nitrogen(Messer Griesheim, 5)0or at least 30 min to
remove Q and other gases. Finally, the sulfuric acid was
evacuated down to its own vapor pressure. Then the sulfuric
acid was dropped on the stirred KCN/water mixture at 283
K. Starting at about 12 mbawater vapor pressure¢he va-
por pressure increases due to the production of HCN gas. At
FIG. 2. Schematics of the apparatus for the pulsed photoinjection swarrabout 100 to 200 mbar a valve was opened and H@ider
§Xperir?|jgtttsiri] erifthl%él\(Nsi%? T':igtﬁsp-;?f:rgﬁt% :lﬁi:Z?JrsrgZizg‘isﬁfi”G'F, constant pressure conditionsas condensed in a trap cooled
+ch\e/:\jl, amplﬁ‘ier and dig;ital voltm’eters; HVPS, phigh-voltage dc ‘power down to 77 K. I_Dryln_g of the raw HCN Was performed by
supply, Keithley Instruments 24®, , load resistor; FAMP, fast amplifier trap-to-trap-sublimation at the vacuum line. Each trap was
(homebuilt; Nd:YAG laser, J.K. Lasers, System 2000; PD, photodiode for filled with freshly prepared fs.%” Thereafter, RO was
triggering; Trapsjent Recorder, Iwatsu DM 901; PC, personal computergdded to hydrogen cyanide and it was refluxed for several
ADC, analog/digital convertefsee the text hours for further purification and drying. Finally, HCN was
fractionally distilled from the residues in a special glass ap-
maximum error of=0.6 mbar for the gas pressure rarnge Paratus under a nitrogen atmosphere through a 30 cm Vi-
<200 mbar and of-2.5 mbar forp < 1 bar. The drift cell greux column. The middle fractiofabout 30% was col-
is also provided with a reservoir for about 10 ml| of the me-|eCted and kept in a reservoir attached to the vacuum line.
dium under investigation. HCN was degassed by several “freeze—pump—thaw” cycles
and stored under its vapor pressure on twofold sublimated

|||}-——|

Ei

g
T

TRIG

TRANSIENT
RECORDER

GFIB IEEE-488 GPIB IEEE- 488 ADC

|||§—|

B. Sample preparation 2° P,Os. It is well-known that small traces of water in HCN
1 Hvdrogen cvanide produce after some time brown and black condensates. How-
- fyarogen cy ever, hydrogen cyanide purified by our above mentioned

The production of HCN was performed according to amethod does not change during months at room temperature.
method described in Ref. 26, however, the procedure was

2. 2-aminoethanol

C,H,NO was purified by us in the following manner:
2-aminoethanolAldrich, 99%) was gently bubbled with ar-
gon (Messer Griesheim, 5)0thereafter with a small amount
of KBH, (Fluka) it was refluxed for at leas3 h under re-
duced pressure. Then it was fractionally distilled from the
residues through a 30 cm Vigreux column. The middle frac-
tion (about 30% was collected and kept in a reservoir at-
tached to the vacuum line. The reservoir was protected
against irradiation of light.

LASER BEAM

3
R
N
>
% 'S

3. Preparation of the sample in the drift cell

The drift cell was connected to the vacuum line in order
to fill its reservoir with the medium under investigation. In
the case of HCN the necessary amount of HCN was carefully
sublimated in the reservoir. During this process the tempera-
ture of the main storage vessel for HCN at the vacuum line
was held constant at 252 K. Before starting the mobility

FIG. 3. Drift cell (for gas pressures up to 40 bar fo00 K): 1, flange for measurements, HCN in the drift cell reservoir was again

the connection to the vacuum line; 2, PTFE conical adapter for adjustment de f f el h 6d CO b
of the drift cell in the steel tank; 3, quartz plate as optical window; 4, anode/@d€ rée of electron scavengers such asa Q by

covered with a light transparent stainless steel mesh; 5, PTFE-O-sealing; 6everal freeze—pump—thaw cycles. It should be pointed out
stainless steel flanges which hold together all the parts of the photocell; that all parts of the apparatus which came in contact with

photocathode; 8, cell vessel made out of duran glass; 9, shielding again ; ; ;
electromagnetic irradiation; 10, PTFE centric adapter; 11, high vacuumﬁ_CN (or CZH7NO)’_In pamCUIar the drift C.e"' are. Cleane.d
valve (Young) 12, flange for the pressure transducer; 13, reservoir for theWith several organic solvents and were finally rinsed with

medium under investigation. overheated water vapor for at least 24 h.
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At higher temperatures hydrogen cyanide shows autopo-
lymerisation: A black charcoal-like substance is produced
which is called “azulmin.’?® To avoid this effect we have
tested many inhibitors mentioned in the literatéité/ery
effective was only cobaltoxalate (CeQ;+2H,0, Aldrich).*
Cobaltoxalate was ground and suspended in acdtdeeck,

p.a). For the high temperature measurements the drift cell
was rinsed with this suspension. Then acetone was evapo-
rated at the vacuum line. A small amount of solid cobaltox-
alate was put also in the reservoir of the drift cell. Finally,
the drift cell was dried and baked at 473 K at the vacuum
line until there was formed a bluish colored coating on the
glass surface due to cobaltoxalate.

The filled drift cell was then transferred into a steel tank
filled with fine sand as a heat conducting medium. With an
electrical heating system with PID-controllefSurotherm
the chosen temperature in the cell could be held constant to
within 0.3 K. The temperature was measured by NiCr—Ni
thermocouples and by platinum thermoresistors Pt 100 which
were mounted on different positions at the drift cell. The gas
pressure in the drift cell could be adjusted by carefully open-
ing of a valve connected with the vacuum line or by con-
trolled filling of the drift cell. With the measured gas pres-
sure and temperature the number densitpf HCN was t (us)
determined from the approximated virial equation of state

2p 4pB(T)
NkB—T{“[“m

u(t) (arb. units)

u(t) (arb. units)

u(t) (arb. units)

FIG. 4. Time dependent voltage wave forms of electrons in HCN gas as a
U2 -1 function of the gas number densitg@ n=1.70<10' cm™3, T=294K,
] (1) E=1.533X 192 Vem™ L (b) n:2.70><101f cm 3, T=333 K, E=2.757
’ X1 Vem™; () n=3.90x10"® cm™3, T=333 K, E=6.126
X 10% Vcm™1. The dashed lines ifb) and(c) are fitting time dependent
with the second virial coefficienB(T) taken from the exponential functions demonstrating the electron capturing prg¢sessEq.
literature®* Sl
In the case of aminoethanol we have not found any virial
coefficients in the literature. Therefore, we have estimated
the density of the saturated vapor from the ideal gas equa-
tion. In the pressure range<p<1 bar we have determined Typical electronic wave forma(t) are shown in Fig. 4
a maximum error of 5% to 10% at the boiling temperaturefor increasing HCN number densities. If a short bunch of
(Tp=444 K). At higher temperatures aminoethanol corrodesn? excess electrons is photoinjected in the drift space, the
stainless steel. To avoid any additional complications conyoltage dropu(t) decreases during the drift time. In the ideal
cerning the drift cell and to avoid the damaging of the prescase it can be described by
sure sensors we have performed measurements only in the
saturated vapor without this equipment. Therefore, the vapor
pressures at the measured temperat#iesn centigrades

n

0

were calculated from the Antoine equation u(t)=—R rexp{—t/re} O<t<ty
B =0 t>t 3
= 0_ ds
|Og p A CO_ GT, (2)

with the parametersA®, B, and C° taken from the Wwheree is the elementary charge angis the mean lifetime
literature® of the excess electrons in the low density HR=1/7 is
the rate constant of disappearance of the electrdnsspite
of the strong decay ofu(t) with time at n=2.7

As the UV light source we used the fourth harmonic of ax 10'® cm™2 the arrival of the electrons at the anode after
Nd:YAG laser(J.K. Lasers, System 2000:=266 nm, pulse the timety can be still observefsee Fig. 4b)]. However, at
duration<20 ns, pulse energy¥ 20 mJ. The induced pho- number densities1>3.6x10'® cm™3 almost all the elec-
tocurrenti(t) produces a voltage drop(t) across the load trons are captured by HCN during the drift tirheee, e.g.,
resistorR, which is amplified by a fast home-built amplifier. Fig. 4(c)]. This is observed for 294 K as well as for 333 K.
The output is fed to a transient recordéwatsu DM 901, We have also tried to measure electron mobilitiesTat
5x 10" samples/swhich is connected via an IEEE-488 bus =373 K but under the present experimental conditions the
interface to a personal computer. Signal accumulation wa&ave forms did not allow the determination tf due to the
performed. fast reaction of the electrons.

C. Signal wave forms
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andT. Electron mobilitiesO, 294 K; l, 333 K. Anion mobilities:(], 294
FIG. 5. (a) Rate constank® (of first order with respect to electronde- < ®. 333 K/ A, 373 K. The dashed lines show the classical dénsity
scribing the disappearance of the electrons during the drift as a function dfePendence.
the HCN number densitp for T=333 K: X, experiment; the dashed line
demonstrates the proportionalk@mnz. (b) Rate constant for reactiof),
k=k{&/m?, as a function oh: M, experiment; the dotted line shows the mean

value ofk. B. Electron and anion mobility
The electron mobilityu has been measured in the gas
density range 1.2810''<n=<3.61x 10'® c¢m2 for the tem-
peratures 294 and 333 K. To give a survey on the experi-
Ill. RESULTS AND DISCUSSION mental results of this investigation we present in Fig. 6 the
A. The kinetics of the reaction of electrons with HCN mobility isotherms of the electrons for 294 and 333 K to-

gether with those of the anions for 294, 333, and 37&&e
We have analyzed the kinetics of the electron capturingyso paper II of this publication serjedaking a first look on
process by fitting of Eq(3) to the experimentally observed the electron mobility isotherms in the logarithmic represen-
electronic wave forms. As can be seen from the fitting curvesation one notes a much stronger density dependence than the
in Figs. 4b) and 4c) the disappearance of the electrons cancjassical 1 behavior which was frequently assumed in the
be well described by an exponential function correspondingast by condensed matter physicists for such low gas
to a reaction of first order with respect to the electrons, i.e.densities® This effect is better visualized when the “zero-
field” density-normalized mobility fn) is shown as a func-
kY tion of nin alinear representatioiFig. 7). For comparison,
e +j HCN—A". (4)  the classical behavior of the electron mobility is given for
T=2333 K by the horizontal dashed line. The overall experi-
A~ stands for some anionic species which is formed by thenental uncertainties ofy(n) were estimated to be-5%.
reaction of the electrons. In this overall reactioHCN mol-  Each mobility isotherm has been measured several times up
ecules may participate in the formation of the unknown speand down to show the reproducibility of these measurements.
ciesA™. The rate constant determined by fitting of E8).to It is generally noticed that the scatter of the very low density
the experimental induced current profiles depends on thdata is relatively high(see also Fig. 7 with the maximum
HCN gas density. In Fig. 5a) we shovw(fjfg as a function of  calculated errors shown at some arbitrarily selected experi-
n at 333 K. It follows from Figs. &) and 3b) that reaction mental points The origin for this is at present unknown.
(4) is second order with respect to HCN, i.¢=2. Within The observed strong density variation i) will be
the margins of the experimental errors one obtains for theliscussed in the following section according to Polischuk’s
rate constank=k&/n?=(8+2)x10 %%cm® s™1. For a fur- theoretical calculations on quantum density corrections to the
ther discussion of this result we refer to paper Il of thismobility due to interference in multiple scattering and by
publication serieg? taking into account also the imperfect gas behavior.
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C. Multiple scattering corrections '
. . . - b)
The zero-field density-normalized mobility.) of mul- 00 . ! ; . .
tiple scattered electrons in an imperfect polar gas is given ° ! 2 3 4
by15,16 n (108 cm?)

- FIG. 8. Density-normalized mobilityn) of electrons in HCN gas at 294
(Mn)*(mn) 1— —(0.507—0.6)7&(0'%\/(8))!’1 K (a)_, and 333 l_((b) as a fl_mctlon ofn in comparison Wlth_ the results _
8 considering multiple scattering effects: solid lines connecting the experi-
mental points have for the present no theoretical significftihey represent
2B(T) functions like (un)$*¥/(1+const.n)]; the dashed lines represent the classical
N, n ) 5 result; the dashed-dotted lines show the density correction due to interfer-

ence in multiple scatteringirst correction term in Eq(5)]; the dotted lines

. . . . ... . takeinto account additionallgoherentmultiple scattering effects due to the
where (u n) is the classical density-normalized mobility in imperfect gagcomplete Eq(5)].

the single collision approximatiofLorentz limit: see, e.g.,

Eqg.(2) in Ref. 1]. (u. n) does not depend on the gas density.

The first density correction on the right-hand side of &x. Where (un)o is the experimental zero-field density-
is due to quantum interference in multiple scattering whichnormalized mobility in the limit oh—0. In this case g n)
has been calculated by Polischtfié* This term is valid only ~ in Ed. (5) has to be replaced consequently hyn{,.

at sufficiently low gas densities where the de Broglie wave- ~ T0 compare the experimental results in HCN gas with
length Xy =%/(2mckgT)¥? of the thermal electrons is much theory we display in Fig. 8 the zero-field density-normalized
smaller than their mean free path= 1(c2(e))n. (¢¥(e)) ~ mobility (un) vsn for T=294 K andT =333 K. The dashed

is the thermal average of the theoretical momentum transfdines represent the classical result. To obtaim)g® we
cross section,o(e)=(4w/3)(Delh)?ms/e, for dipole have fitted the experimental points by a hyperbolic function
molecules in the point-dipole limit averaged over the dipole©f the type @n)g™/(1+constn) (the theoretical justification
orientations é:(ﬁk)2/2me is the kinetic energy of the for this follows in Sec. Il E This was done also in F|g 7.

electron®* The thermal averaged experimental scattering cross sections
are (oc2(e))®P=2670+ 127/ (T=294 K) and (c3(&))®P
(&)= Am/kgT with A= (87/3)(Delh)2. (6) =2341+135 A2 (T=333 K) which are distinctly smaller

than the corresponding theoretical valués®/(s))"eo
The second term in Ed5) is a coherent multiple scattering =3473 A and(o2(¢))"*°= 30664 obtained from Altshul-
correction due to positional correlations among the dipoleer’'s Eq.(6) (see also Fig. @ With the experimental scatter-
scatterers in an imperfect ga3(T) is the second virial co- ing cross section one can calculate the first correction term in
efficient in units of crd mol~*. Polischuk proposed to use in Eq. (5). The result({dash—dotted lines in Fig.)&hows that
Eq. (5 the thermally averaged experimental cross sectionhis is only a relatively small correction to the classical

(o8)(e))®® obtained from measurements at very low (un),. However, even at such low HCN gas densities of the

density*1° present investigation correlations between the scatterers can-
8 not be neglectedf With the virial coefficients8(T) of Table
€ _ | one obtains from theompleteEq. (5) the dotted lines pre-
av, exp— ___ 1/ 1
{om(2)) 3 (2ImmigT) (ko] ™™, ™ sented in Fig. 8. That means that both density corrections in
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05 . — T wherep; andx; are the partial pressures and the mole frac-
0.4 - (a)—; tions of the monomersM) and dimers D), pio is the sum
s E of the partial pressures, amP=1 bar. Higher oligomers
E] 8'? : 3 are neglected in the case whey) is replaced by (+Xxp).
o 0:0 et E Giaugque and Ruehrwein calculatiég from the compression
3 0 2500 5000 7500 10000 factor Z=pV/nRT of HCN gas based on measurements of
pd E, [incm™] Sinosaki and Har® Giauque and Ruehrwein used for<
> ..
£ 0.3 bar(where the measurements are not sufficiently accu-
K rate the virial approximatiorpV%RT_(_lJr B’(T_)p); how-
ever, they employed the second virial coefficient of HCI
[B'(T,)=—0.0056 bar!, T,=298.8 K is the boiling tem-
perature of HCN at 1 barThe equilibrium constant for the

dimer formation atT=303 K was obtained to be,
=—B'(303 K)py=0.056. From the temperature depen-
dence ofK, they obtained the enthalpy of dimer formation
FIG. 9. Thermal averaged momentum transfer cross sections of polar moﬁHg: —13.73 kJ mot 1, as well as the corresponding en-
ecules with respect to electrons vs the reciprocal tempera@uréiCN (T tropy changeASg= ~-69.04 JKmoll Neglecting the

=294 and 333 K this work; X, aminoethanol, Hamilton and Stockdale f K f high i h le f K f th
(Ref. 58; V, aminoethanol, this workT=300 K, see beloyv The dashed ormation o igher oligomers the mole fraction of the

line shows a possible T/dependence of the experimental momentum trans-dimers,Xp , is a function ofpy, i.e.,
fer cross section. The solid line represents the theoretical result of Altshuler o " B 112
D~ p p
(Ref. 39 for D~3.0 D[Eq. (6)]. xp~1+ l1s ~1] . (10
2Kp(T) Prot 2K,(T) Peot

Eq. (5) are by far not sufficient to describe the density varia--yde and Hornig’ were the first to show directly the exis-
tion of (xn) in HCN. Concemning the orientational correla- €nce of (HCN) by infrared measurements. Jones, Seel, and

tions in HCN gas we present in the following thermody- Sheppartf studied (HCN) by IR spectroscopy in the gas

namic and spectroscopic evidence for significant formatiorP@s€ in more detail. The monomers are chain-like coupled
of linear HCN dimers and their influence on the electronc@used by the large dipole moment of HCN and by a com-

jOCl

mobility.

D. The influence of HCN dimer formation on the
electron mobility

1. The formation and properties of HCN dimers

Based onPVT-measurements performed on HCN in the

paratively weak hydrogen bond interaction leading to an
equilibrium N --C distance of the HCN dimer afy(N---C)
=3.34+0.20 A. The standard enthalpy of formation was de-
termined from the temperature dependent intensities of the
absorption bands of the monomer and dimer toAd2
=—(23.85+2.10)kI mor! (see Table I). In a further IR
absorption study concerning (HCNn the gas phase at 300

K and a HCN gas pressure of up to 933 mbar Méttéged

thirties and forties of this century dimers and higher ollgo—to verify spectroscopically the dimerization equilibrium con-

mers were postulated to exist in the gas pHas¥.Giauque
and Ruehrweitf determined fronPVT-data the equilibrium
constantK,, for the dimerization reaction

Kp

2HCN« (HCN),. 8
The dimensionless equilibrium constdgy is defined by
P/’  P° xp  P° Xp

= =— ~— , 9
P (pM/po)z ptot(XM)2 ptot(l_XD)2 ©

TABLE |. Zero-field density-normalized electron mobility.(), in HCN
gas, scattering cross secti¢m(e))®®, and second virial coefficie®(T)
of HCN as a function ofl (see the text

(un)o/ (ofn(e)e™ B(T)/
TIK 10temty-lgta 10" B ® cm® mol~1¢
294 2.10+ 0.10 2.67:0.127 —1584.25
333 2.25-0.13 2.3410.135 —-913.92

#The errors are the maximum calculated errors determined by the method of

stantK, of Giauque and Ruehrwein. From constant volume
measurements between 298 and 356fé¢ p=933 mbay
they obtained the internal energy of dimerizatiakug
=—15.90-0.67kJ mol'! and the corresponding dimeriza-
tion enthalpy AH2=—(18.63-0.67)kJmal! and with
AS% of Ref. 38 finallyK, (revised = 0.40 for 303 K. The
discrepancy betweel,, (revised = 0.40 andK, (Ref. 3§

= 0.056 was explained by Mettee to be due to an overesti-
mate of the contributions of trimers and higher oligomers by
Giauque and Ruehrwein by fitting the former vapor density
data. HCN trimers have not been determined spectroscopi-
cally, neither by Jonest al. nor by Mettee. Using now the
dimerization enthalpy of Jonest al. and the corresponding
entropy term of Giauque and Ruehrwein one obtains for 300
K a much higher value for the equilibrium constant, i.e.,
Kp=3.45. Of course, the strongly different dimerization
equilibrium constants of Mettee and Jore¢sl. lead to com-
pression factors which extremely differ from that of Giauque
and Ruehrwein.

Concerning the structure and the dipole moment of

error propagation. The standard deviation of the density normalized mobili-(HCN) we can rely on numerous experimental and theoret
9 -

ties from the mean is<0.6%.
bCalculated with Eq(7).
‘Data from Ref. 31.

ical investigations. Legon, Millen, and Mjerd" have deter-
mined the rotational constant of the dimer in the gas phase
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TABLE Il. Summary of the properties of HCN dimers taken from the literature: Dipole momgntequilib-
rium constant of dimerizatioK, , rotational constanB,, enthalpy of dimerizatiodHp , and the equilibrium
bond lengthr 4(N- - -C) of linear HCN dimers.

Dp/D Kp? Bo/MHz AHp/kImolt  ro(N---C)/A Method Ref.
0.056 .. -13.73 e PVT 38
0.40 —18.63+0.67 IR 41
3.45 1709120 —23.85-2.10 3.34-0.20 IR 40
1788.09-0.10 -14.8 3.231 MW 42
6.0+0.5° 1788.214 MW 43
6.552+0.035% FTMW 44
6.57-7.37 .o .o e 3.33-3.40  abinitio 45, 46
6.53—-6.67 pPof a7

3Calculated forT=303 K with AS3=—69.04 JK* mol~! from Ref. 38.

bThis value was calculated by the authors of Ref. 42 using different data from the literature.
‘Stark-shift measurements.

dConsideration of mutual polarization of the monomers in the dimer.

(Pir=0.5 Torr, T=200 K) to be B,=1788.09 MHz. The =0.9239. Defining a total number density of this mixture
calculated bond lengthy(N- --C)=3.231 A agrees quite well
with ro(N---C)=3.34+0.20 A given by Jone®t al. HCN =t
dimers have also been studied by microwave spectroscopy v Vo kgT
by Brown et al** which yields Bo=1788.214 MHz. From
the observed Stark-shift it follows a dipole moment of the
dimer Dp=6.0+1.5 D. Campbell and Kukoli¢} have in-
vestigated the dimer (HEN), in a molecular beam by the . p
method of Fourier transform microwave spectroscopy and xp=1+ WKEN(T)
obtainedDp=6.552+0.035 D.
Ab initio calculations on a linear HCN dimer done by 1 p° 2 v
Kofraneket al****®yield a dipole moment between 6.57 and BT ke TKEY(T)) 7]
7.37 D. The equilibrium bond lengtty(N- - -C) lies between . _
3.33 and 3.40 A. The enthalpy of dimerization varies be-WhereKi™(T) can be calculated with the results of Giauque
tween —14.2 and—15.9 kJ mot!. Ruoff’ has calculated @nd Ruehrwein. This artificial monomer/dimer gas mixture
the dipole moment of the HCN dimer considering addition-behaves with respect to electrons like a mixture of differently
ally mutual polarization effects. He obtained values By~ Strong polar scatterers. In order to calculate the total scatter-

between 6.53 and 6.67 D. For a better survey we have col'd cross section of the mixture we can take into account an
lected all these quantities in Table Il. ansatz of Christophoroet al*® used for a mixture of the
nonpolar ethene and a polar gas

Ny+Np N
gt =M Np _ Nt _ Prot (11)

one obtains from Eq10) the mole fractiorxy, of the dimers
in this artificial gas mixture as a function of,; and T

0

(12

2. The influence of HCN dimers on the electron
mobility (a2(£))™*= A™Xm [KgT=(X1A;+ XoA2) M. /KgT.

Because the scattering cross section depends approxi- (13
mately on the squared dipole moment it follows that theAssuming that there are onbingle scattering eventd.or-
scattering cross section of the dimer (HGMNhould be by a entz approximationbetween the electron and the monomer
factor of almost 5 larger than that of the HCN monomer.or the dimer, respectively, we can apply E43) on our
Depending on the concentration G1CN), the influence of “mixture of two polar gases”. The experimental scattering
the dimers on the electron mobility might be quite consider-cross section(o3(£))®*® of HCN was determined by ex-
able. For example, based on the analysis of Giauque angapolation of the density-normalized mobilityu) to n
Ruehrwein the mole fraction of the dimers at the boiling —0. In this case it can be assumed thaf)(s))®® repre-
point 298.8 K (0;=1.01325 baris xp=0.0494. sents the thermally averaged cross section of the HCN mono-

In order to estimate the effect of HCN dimers on the mers with respect to electrons. As mentioned above any de-
electron mobility we “synthesize” a gas mixture consisting viation of the compression facta from Z=1 has been
of monomers and dimers neglecting the relatively large coninterpreted as being due to HCN dimer formation. Therefore,
tributions of all the higher oligomers of HCNat T, the former number density has to be replaced bp*.
=298.8 K andp,,=1.01325 bar Giauque and Ruehrwein within the presented experimental density range the quanti-
have determined besideg, also x;=0.0089, andxq tiesn andn* differ by only 1%. With Eq.(6) the scattering
=0.0016, etg. Each of both components should behave likecross section of the dimer can be approximately calculated
an ideal gas. On the basis of tR/T data of Giauque and from the scattering cross section of the monomer,
Ruehrwein we obtain then a revised equilibrium constan{ s2Y(g))®*, i.e.,

Kée"z 0.098 atT,=298.8 K (p;o=1.01325 bar based on
rev__

x5'=0.0824 obtained from the compression factdr (om(£))5P=(Dp /D)X o)) . (14
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4n the limit n* —0 it follows that (un*)gP=(un)g® (see Table)L

25 T T T T T T T TABLE Ill. Experimental density-normalized electron mobilities,
(wn*)§®, in the limitn* —0 and the electron attachment/detachment equi-

N librium constantk as a function of temperature.

'

S TIK (un*)S®1P em v 1gta K/10~% cnt?
‘_g 294 2.10-0.10 11.70.8
S 333 2.25-0.13 9.86:0.88

A

*

c

=3

stage that considering multiple scattering effects we took
into account only the incoherent correcti¢totted line in
Fig. 10. By neglecting the coherent multiple scattering cor-

= rection depending oB(T) we want to avoid that the effect
< of B(T) leading to HCN dimers will be counted twice. To
& demonstrate the influence of the dimers on the electron mo-
Fg bility still more pronounced we have used instead(@”(T)
© of Giaugue and Ruehrwein also the very large equilibrium
? constantK,=0.40 of Mettee. The dashdtivo)-dotted lines
s in Fig. 10 show that the density effect due to dimers depends
b) very sensitively on the accuracy of the thermodynamic re-
1.0 . ! . ! . ! . sults on the HCN gas. The assumption that gaseous HCN at
0 1 2 3 T=294 K consists only of monomers and dimers must be
n* (10" cm™®) considered as an approximation. A small amount of trimers

FIG. 10. Densit lized mobilityun®) of elect i HCN . can have a nonnegligible influence on the electron mobility
. 10. Density-normalized mobilityy(n*) of electrons in gas a . .

294 K (a), and 333 K(b) as function of the total number density of the S_mce th,e m0|eC,UIar bgam FTMW experiments have shown
monomer/dimer gas mixturésee the test Dashed lines: classical result; linear trimers W'_th a d|p9|e moment Of 10.61 D. H_owever_,
dashed-dotted lines: influence of HCN dimfs. (16)] taking into account ~ we do not consider the influence of trimers and higher oli-

the revised equilibrium constant of Giauque and Ruehn€ff{(294 K) gomers on the electron mobility due to the lack of suffi-
_ rev, _ . [ A
=0.107 andK"(333 K)=0.055; dashediwo)-dotted line: influence of ciently accurate data.

HCN dimers considering, however, the equilibrium constants of Mettee . L. .
Kp(294 K)=0.502 andK (333 K)=0.205[Eq. (16)]; dotted line: dimer From Fig. 10 it is concluded that there must exist an

formation (Giaugue and Ruehrwsirand density correction due to interfer- additional density dependent scattering process or a localiza-
ence in multiple scatteringEgs. (5) and (16)]. Solid line: best fit of the  tion process which is more effective than the weak localiza-

dipole-bound electron state mod&lg. (17)] to the experimental points. The tion due to interference in multiple scattering. In the follow-
density-normalized mobility of the quasi-free electrons in this model has,

been calculated with the corresponding corrections due to incoherent mulng_ sgction we give. another _eXplanati.qn for. thg density
tiple scattering and due to dimer formation. variation of the density-normalized mobility which is based
on the concept of the so-called dipole bound electron ground

tate.
Using Eq.(2) of Ref. 1 and Eqgs(13) and(14) one obtains state

the density-normalized electron mobility in the monomer/

. . E. The dipole-bound electron ground state as a
dimer gas mixture

temporary localization center

(Mn*)mix:%[Z(WmekBT)]1/2{<o_?1nv(8)>exp Similar té) the case of multiple scattered electreﬁsin
3 CH5CN gas® we show that the anomalous density depen-

* 2 k-1 dence of the electron mobility in HCN can be described by
X[Xp(Do /D)™ +xul} (15 the first term on the r.h.s. of the following expression for an
With Eg. (7) andx}y,=1—xg one finally has oscillatory transport procesgsee the solid line in Fig.
) 1 10)49—51
(pn*) ™= (un)ol 1+ D—g—l)x’é , (16) i MEN* O Kn*2
A ST KT T TR 9
where the mole fraction of the HCN dimeq, , can be cal-
culated with Eq(12). with the constant&(T) given in Table Ill. The mobility of

At the highest number density of this investigation onthe multiple scattered electrons;, has been determined by
the electron mobilities the mole fraction of the HCN dimersEd. (16). The experimental result of E4L7) is in accordance
is about 0.015. It follows that the influence of the dimers onVYith a dynamical electron attachment/detachment equilib-
the electron mobility at these low gas densities is relatively'lum
small in spite of the large scattering cross seciisee Fig. K
10). However, it should be emphasized that according to Fig. & THCN—[e - --HCN], (18
10 this effect is larger than the density correction due towith the equilibrium constanK(T)=k;, /kj; . The attach-
multiple scattering processes. It should be pointed out at thiment rate of the multiple scattered electron to HCN is given
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by kyn*=1/r;, and the electron detachment from the is known to be about 2.6 f,and it binds an electron to form
quasilocalized electron stafe™---HCN], is determined by the dipole supported aniore™---(H,0),]. From field de-
the rate constark;;=1/7; (7; is the mean lifetime of the tachment experiments it follows an electron binding energy
guasilocalized electron stateThe second term of Eq17) close to—9 me\P® whereas photoelectron experiments mea-
can be neglected in our case because for the quasilocalizetired the vertical detachment energy to be 42 ifev.

state one hag<<u¢. This equation is valid only if the drift In the case ofe™ - --HCN], the binding energy should be
time ty4 is by many orders of magnitude larger thap and  comparable to those limiting values. Jordan and Wendoloski
e 2 estimated E.A~1 me\* whereas Garrett studied the per-

We assert now thafe™---HCN], represents a dipole- manent and induced dipole requirementsaminitio calcu-
bound electron ground state. In the following we want tolations of the electron affinity of HCN within the limits 1
support this suggestion. First we are looking for some infor-<E.A.<10 meV® From the temperature dependence of the
mation on the time constant;=1/k;n*. Motheset al®®  equilibrium constanK for the attachment/detachment equi-
have determined the low pressure attachment rate constaliftrium (18) one can get a measure for the binding energy.
ks by the electron cyclotron resonance method, however, athe relevant parameters are collected in Table Ill. From the
much lower HCN gas densities €102 cm™3) in compari-  results for 294 and 333 K one can realize a decread¢ of
son with those of our swarm experiment. Without taking intowith increasing temperature as it is expected. The van't Hoff
account the possible detachment reaction they obtdimed equation(under the experimental condition=const) leads
=9.1x10 1 cm® s~ ! at T=290 K. With this value we get finally to an estimate of the internal energy change for the
from the equilibrium constanK=11.7x10"%° cm® at T electron attachment reactigformation of the dipole-bound
=294 K andn* =1x10® cm 2% 7;~1.3 nsand~11ns. Stat¢ AU=—(38+£25)meV corresponding to AU
Both time constants seem to be not sufficiently small in com= —(1.52=0.98)NkgT for T=294 K.
parison with the observed drift time of several hundred nano- ~ The proposed electron transport process with the tempo-
seconds to about s as required by the oscillatory model. rary nondissociative dipole-binding of an electron by HCN is
We conclude, therefore, thia; may be by several orders of Valid only in the gas density range whete<L. From this
magnitude larger than the above experimental estimate bifiterpretation it follows that the lifetime dfe”---HCN]; of
the autodetachment rate constant is also very high so that ti@out 12 ps does not depend ofi in the density range
formation of stable[e™---HCN], could not bedirectly ob-  under investigation. This can be true only if with increasing
served in swarm experiments. This was already suggested Bignsityn* (or n) the mean time interval between two mo-
Stockdaleet al. in the case of electrons in GBN.? Scher-  lecular collisions is much larger than the lifetime of the
mann and co-worket&studied charge transfer collisions be- dipole-bound state. This time was estimated to be in the or-
tween laser excited xenon f(n np) Rydberg atoms and ac- der of 1 ns at théighestdensity of this investigation. There-
etonitrile molecules and clusterge ™ --CH5;CN], has been fore, the lifetime of e”---HCN], is obviously not controlled
observed in these supersonic expansion beam experimerft¥ molecular collisions as it was feared in the introduction of
only in narrow ranges of Rydbeny values. The attachment this paper.
rate constant was found to be much higher, ilg;=(1
+0.5)x10° 8 cm® s~ . This result has to be compared with
the corresponding low pressure valuek;=7.2
%10 1?2 cm® s7! of Motheset al® We use Schermann’s Finally we present the results of the electron mobility
rate constant as ampper limit for the interpretation of our measurements isaturatedaminoethanol vapor in the tem-
results in HCN. This value and the equilibrium constint perature range 298T<435 K (Fig. 11). Despite the fact
=(11.7+0.10)x 10" 2° cm?® obtained in our swarm experi- that its dipole momend = 3.05 D*’ is similar to that of HCN
ment yieldr;=11.7 ps and,=(1/n*)x 10 1°s, where the the density-normalized mobility does not show any anoma-
number densityn* has to be substituted in units of lies (see the inset in Fig. 21It should be emphasized, how-
108 cm 3. The calculated lifetimes of the electron in the ever, that the errors of these experiments are for the follow-
different states are in fact much smaller than the experimening reasons extremely large. On the one hand, temperature
tally observed drift times between at least 400 ns and a feviluctuations lead sometimes to condensation of aminoethanol
microseconds in accordance with the conditions of thdrom the saturated gas phase on the photocathode surface
model. thus changing the mobility. On the other hand, the lack of a

Such an oscillatory transport process with the short life-useful equation of state for aminoethanol does not allow an
time 7;; in the order of some tens picoseconds due to theccurate determination of the vapor number density. The ex-
detachment process is reasonable only if the binding energyapolation of the density-normalized mobility to—0 (see
of the quasilocalized electron is small, i.e., it should be comthe dashed line in the insert of Fig.)lleads to an estimate
parable to the thermal energy. The electron binding energpf the mean momentum transfer cross sectjoff)(s) )
was determined by Schermann and co-workers in the case 6f(2655+136) A% which agrees quite well witkio2)(&))®*®
[e™---CH5CN], by field detachment in the supersonic beam=2661 A determined by Hamilton and Stockdalet 300
experiment. They obtainefl,= — 11.5 meV)****For com- K (Fig. 9).
parison, the electron affinity E.A+0.5 meV for CHCN was For comparison it should be mentioned that in contrast
determined by anab initio calculation by Jordan and to the results in aminoethanol the density-normalized mobil-
Wendoloski>* The dipole moment of the neutral water dimer ity in saturatedCH,CN vapor shows in spite of likewise

F. Excess electrons in saturated aminoethanol vapor
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