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Abstract

Electron impact and multiphoton ionization techniques are used for a comparative study of the acetic acid—water and ace
acid—benzene clusters generated by supersonic beam expansion. In acetic acid—water clusters, hydrogen-bonding intera
is the driving force in determining the structures of the clusters. The protonated and the methyl cation containing clusters &
characterized by 6-membered cyclic and 8-membered bicyclic structures. The similar magic number patterns observed
the protonated and methyl cation containing clusters suggest that the cyclic structures are stabilized by the charge interact
A remarkable periodicity in the ion intensity of benzene (acetic aatl)sters is observed. The clusters containing an even
number of acetic acid molecules exhibit enhanced ion intensities. This effect is attributed to the formation of multiple cyclic
dimers as a result of clustering from a dimer-rich vapor phase. Protonated acetic acid clusters are generated following
three-photon absorption by the binary clusters, which leads to dissociative charge transfer followed by proton transfer with
the ionized acetic acid clusters. Evidence is presented for the special stability @B, which is proposed to consist of
a benzene dimer cation entrapped between two acetic acid tetramers. (Int J Mass Spectrom 218 (2002) 49-62) © 2002 Else
Science B.V. All rights reserved.

Keywords: Clusters; Acetic acid—water; Acetic acid—benzene; Multiphoton ionization; Cyclic dimers

1. Introduction zene with watef3], methanol4] and acetonitrild5]
molecules. The studies of these systems are motivated

The study of molecular clusters and cluster ions by many concerns including fundamental understand-
is an active area of research in the rapidly advanc- ings of solute—solvent interactions, energetics and dy-
ing field of cluster sciencgl,2]. Of particular in- namics of solvent evaporation as well as molecular
terest are the binary clusters composed of non-polar level insights into some condensed phase processes
aromatics and polar or hydrogen bonded molecules. such as microphase separation, miscibility gap, sur-
Examples of these systems include clusters of ben- face enrichment and binary nucleation.

Acetic acid molecules are known to form stable

* Corresponding author. E-mail: selshall@hsc.vcu.edu dime.‘rs in the gas phase and this process has been ex-
1Present address: Research, Development and EngineeringtenSNe'y studied for more than 50 ye46s-13]. Due
Center, Philip Morris, Richmond, VA 23234, USA. to the stability of the planar cyclic dimer involving
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two hydrogen bonds{ H° ~ —14 kcal/mol,Cy;, sym- the distribution of cluster ions in both,AV,, and the
metry from electron diffraction studie$,10]), it is A, B,, systems.

generally assumed that the dimer is the only important  The organization of the paper is as follows. In the
associated species in the vapor phase of acetic acidEl study, we investigate the acetic acid clusters gener-
[14]. Thus, the vapor is considered as an equilibrium ated in the presence of a trace amount of water in the
mixture of monomers and cyclic dimers with no contri- pre-expansion vapor mixture. We compare these clus-
butions from higher order clustes0]. However, sev- ters with the acetic acid—benzene clusters generated
eral reports have provided evidence for the existence from low and high concentrations of benzene in the
of acetic acid polymers larger than dimers in the vapor pre-expansion vapor. In the El study, all the clusters
phas€[7,8,15,16] Questions regarding the structures produced are ionized and no selectivity based on the
of higher order clusters and whether the liquid con- cluster's composition is possible. In the MPI study, we
tains chain-like, hydrogen-bonded oligomers or cyclic use resonance enhanced MPI (REMPI) to selectively
and bicyclic structures remain unsolvg8,17-20] ionize the BA, binary clusters at their specific reso-

The clusters of acetic acid (A) with water (W) nance absorptions. In this case, the cluster ion distri-
and benzene (B) represent two interesting classes ofbution is mostly determined by the absorption features
binary clusters with different types of intermolecular of the neutral clusters and the frequency of laser light
interactions. lonization of the AW,/ clusters results  used. We also use the non-resonance MPI at 248 and
in the formation of the protonated clusterg A, W,, 266 nm to ionize the binary clusters non-selectively,
(with n < n’ and m < m’) where an extended where all the clusters containing benzene can be ion-
hydrogen-bonding network reflects the dominant in- ized with the same efficiency. This is achieved by tak-
teraction among the cluster constituents. The forma- ing advantage of the larger absorption cross section
tion of the ionic hydrogen bond with the tendency to of benzene at 248 nm as compared to acetic acid and
build up an extended network is expected to inter- adjusting the laser power to only ionize benzene con-
rupt the structure of the acetic acid dimers. On the taining clusters. The application of different ionization
other hand, because of the difference in the ionization techniques provides useful information on the origin
potentials between benzene (9.2eV) and acetic acid of the enhanced ion intensity observed for certain clus-
(10.6 eV[21]), ionization of the AB,, clusters will ters. Finally, we use molecular orbital calculations to
generate benzene ions surrounded by neutral aceticobtain further information of the structures of some
acid molecules or clusters. The resulting cluster ion selected clusters.
distributions could provide information on some of
the unique structures that might exist as a result of the
ion—neutral interactions between benzene ions and 2. Experimental
different combinations of acetic acid molecules.

In order to gain a better understanding of the struc- Benzene-acetic acid clusters are generated by
tures and formation mechanism of higher order acetic pulsed adiabatic expansion in a supersonic cluster
acid clusters, we have studied the binary clusters of beam apparatuf22,23] The essential elements of
acetic acid with water and benzene generated by super-the apparatus are jet and beam chambers coupled to
sonic beam expansions and ionized using electron im- quadrupole and time-of-flight mass spectrometers.
pact (EI) or multiphoton ionization (MPI) techniques. Fig. lillustrates the experimental set-up with the two
Because of the high concentration of the acetic acid mass spectrometers used in these experiments.
dimers in the vapor phase at room temperature (91% The binary clusters are formed in a He—seeded jet
at 0.1 atn13]), the pre-expansion vapor will be dom- expansion, and probed as a skimmed cluster beam in
inated by acetic acid dimers. It is, therefore, interest- collision-free high vacuum with a delay between syn-
ing to examine the effect of the pre-formed dimers on thesis and probe (i.e. the neutral beam flight time) on
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Fig. 1. Experimental set-up for the cluster beam time-of-flight and quadrupole mass spectrometers.

the order of 1 ms. During operation, a vapor mixture of experiments, MPI of the binary clusters is achieved
benzene and acetic acid (Aldrich, 99.9% purity), in He by either KrF (248 nm, power density 10° W/cn?)
(ultrahigh purity, Spectra Gases 99.999%) at a pres- radiation provided by an excimer laser (Lumon-
sure of 2—8 atm is expanded through a conical nozzle ics Hyper Ex-400) or by the fourth harmonic of a
(500pm diameter) in pulses of 200-3P& duration Nd:YAG laser (266 nm). The cluster ions formed by
at repetition rates of 5-8 Hz. The jet is skimmed and the MPI process are electrostatically accelerated in a
passed into a high vacuum chamber, which is main- two-stage acceleration region (300—400 V/cm), travel
tained at 8x 108 to 2 x 10~/ Torr. a field-free region (120cm in length) to a two-stage
The cluster beam is ionized by using either MPI microchannel-plate detector. Deflection plates are
or El. In the MPI experiments, the collimated clus- used to compensate for the cluster beam velocity. The
ter beam passes into the ionization region of a deflection voltage is adjusted to optimize the signal
time-of-flight (TOF) mass spectrometer where it in- for a particular mass range of interest. The TOF spec-
tersects a laser pulse from a frequency-doubled dyetrum is recorded by digitizing the amplified current
laser. The tunable radiation is provided by a dye laser output of the detector by a 500 MHz digitizer (LeCroy
(Lambda Physik FL3002) pumped by an excimer 9350A) and averaged over 500—-1000 pulses.
laser (Lambda Physik LPX-101). Coumarin 503 dye In the El experiments, the cluster beam enters the
laser output passes througB@aB204 crystal (CSK  ion source and quadrupole mass filter in an axial con-
Co.) cut at 65 to generate a continuously tunable figuration. The mass spectrometer is an Extrel-4000
frequency-doubled output of 18s pulses. In other  quadrupole equipped with 9.5-mm pole diameter rods.
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The amplified signal from the particle multiplier is
processed using a boxcar integrator (EG&G model
166) set to sample at arrival times appropriate for the
detected ions. At least 20 nozzle pulses per amu are
averaged during each run.

3. Results and discussion
3.1. El study of acetic acid—water clusters

Fig. 2(a) displays the quadrupole mass spectrum
obtained following the 70eV El-ionization of the
cluster beam produced from the supersonic expansion
of acetic acid vapor in a He carrier gas containing
a trace amount of water vapor (less than 1%). The
most prominent cluster ion series are the protonated
acetic acid series HA, and the protonated acetic
acid—water series HA,W,, with n 1-16 and
m = 1-3. In addition, two weak series of methyl ion
solvated by acetic acid and acetic acid—water mixed
clusters, CH*TA, and CH*A,W,,, are also present.
These series are labeled @nd GW,,, respectively
as shown inFig. 2(b) It is interesting to note that
the retention of water in the protonated clusters starts
when at least five acetic acid molecules are in the clus-
ter (i.,e.n > 5). The same behavior is also observed
in the methyl ion series where the incorporation of
the water starts to appear with the €H\sW cluster.
The relative ion intensities of the A\, series are
higher than those of the ¥A,W,, series fom < 10.

For larger acetic acid clusters with > 10, the
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Fig. 3. Relative ion intensities of the cluster seriesAd, CH3TA,,,
HTWA,, and CH*A,W as functions of the number of acetic
acid molecules in the cluster. Data corresponds to the El spectra
of Fig. 2

served in the ChHi"A,, series, although the peakat=

8 appears more pronounced relative tosthe 6 peak.

On the other hand, the two most prominent peaks in
the series containing one water moleculé A4 W and
CH3TA,W, appear ak = 5 and 7 instead of 6 and 8.

water containing clusters are enhanced and clustersThe enhanced abundances of theA4W and HFAg

incorporating two and three water molecules exhibit
significant ion intensities.

The relative ion intensity plots of the observed clus-
ter series are shown Fig. 3. It is clear that the FA,
series exhibits a very pronounced peak at 6 and a
less prominent peak at= 8. A similar pattern is ob-

<

are consistent with previous results obtained using a
temperature- and pressure-variable El so{2dé and
liquid ionization (LI) mass spectrometf25,26].

The especially abundant ions (magic numbers) usu-
ally reflect some special stability related to structures
of the cluster ions. The observation of the same magic

Fig. 2. (a) EI mass spectrum of protonated (acetic aci@®, = H™A,) and protonated (acetic acidyvater), (a,w,,) clusters. The

clusters are generated from the expansion of 15 Torr acetic acid vapor mixture in He, containing a trace amount of water vapor, at a to

pressure of 1400 Torr. (b) EI mass spectrum of the methyl cation containing clustgryacktic acid) labeled as g and CH™(acetic
acid), (water), labeled as pw,,. The expansion conditions are similar to those in (a).
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numbers 6 and 8 in both the'tA,, and CH*A,, se-

ries suggests that stable cyclic and bicyclic structures

may be formed by the incorporation of 6 and 8 acetic

Y.B. Pithawalla et al./International Journal of Mass Spectrometry 218 (2002) 49-62

3.2. El study of acetic acid—benzene clusters

The major cluster ion series produced following

acid molecules, respectively, in the cluster. Since the the El ionization of the supersonic beam containing a
presence of a water molecule in the cluster shifts the small concentration of benzene relative to acetic acid
magic numbers down by one less acetic acid molecule, are B, TA,, with n = 1-15 andn = 1-3. In addition,
it is suggested that water can substitute for acetic acid the protonated acetic acid series A, with n = 1-16

in the formation of the cyclic and bicyclic structures.
The stability of the HAsW ion has been attributed
to a ring-type structure composed of five acetic acid
molecules with a hydronium ion located in the center
and slightly above the plane of the rifg4,25] For
the H"Ag ion, a similar ring structure could be formed
with a protonated acetic acid molecule located in the
center. Alternatively, 6-membered ring structures A
or AsW attached to the proton or to the methyl cation
could explain the stability of the HAg (or HTAsW)
and the CH'Ag (or CHzTAsW) ions.

is also presenkig. 4displays a typical mass spectrum
obtained following the EI ionization of the clusters
produced from a pre-expansion mixture containing a
1:2 vapor ratio of benzene:acetic acid in a He carrier
gas.Fig. 5 shows the variation in the relative ion in-
tensity as a function ofi (the number of acetic acid
molecules in the cluster) for the,B'A, series with

m = 1-3. In the B"A,, series, a pronounced increase
in the ion intensity is observed startingrat= 4. The
B>TA, and BT A, series exhibit clear even/odd alter-
nation in the ion intensity, with the clusters containing

a =H'A a,
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Fig. 4. EI mass spectrum of small (benzep@cetic acid) clusters (B,A,), The clusters are generated from the expansion of 7 Torr
benzene and 15 Torr acetic acid vapor mixture in He at a total pressure of 1400 Torr.
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molecules in the cluster. The even/odd distribution
will be further discussed with the results from the
MPI study.

3.3. MPI study of acetic acid—benzene clusters

3.3.1. REMPI results

The absorption spectra of the BAclusters, with
n = 1-8, relative to the % vibronic transition of
the bare benzene molecule have been measured using
resonant enhanced multiphoton ionization (REMPI).
Well-defined spectral features were found for the;BA
BA3, BA4, BAg and BAg clusters, and detailed spec-
troscopic results can be found[@7]. For the purpose
of the present paper we only focus on the mass spec-
trometric resultsFig. 8 displays the mass spectrum
obtained following the REMPI (at 259.26 nm) of the
BA,, clusters generated from the expansion of a vapor
mixture consisting of 0.01 Torr benzene, 58 Torr acetic
acid in 6000 Torr He at 323 K. Under these conditions,
the BA, cluster series represents the most dominant
species in the neutral cluster beam. The ion intensity
within the BA, series shows the same even/odd al-
ternation observed in the El study. A similar effect is
also observed within the4&\,, series as shown in the
insert ofFig. 8.

The observation of a strong even/odd alternation

an even number of acetic acid molecules being the in the integrated ion intensity within the absorption
most abundant ions. By increasing the concentration region of the BA, clusters indicates that clustering of
of benzene in the pre-expansion vapor mixture, the pre-formed dimers is the major association channel in
cluster mass spectrum becomes dominated by benzeneghe nucleation kinetics of supersaturated acetic acid

clusters (B,, m = 1-12) and acetic acid clusters con-
taining large number of benzene moleculeg, {3\,

m = 1-11 and: = 1-10). A typical example is shown
in Fig. 6, which displays the mass spectrum obtained
from the expansion of a vapor mixture containing a
2.7:1 ratio of benzene to acetic acid in a He carrier
gas. Overall spectra of this type are found over a wide
range of cluster composition,B.,,, ranging from

n =1 to at leasiz = 20. The even/odd alternation is
observed within clusters containing a larger number
of benzene molecules in the seriegfB, as shown in
Fig. 7, which displays the variation of the relative

vapor. The formation of BA clusters containing an
even number of acetic acid molecules is therefore, a
result of multiple associations of the hydrogen-bonded
dimers. We assume that the presence of benzene does
not change the clustering mechanism of acetic acid
vapor. Benzene simply acts as a spectator for the
acetic acid clusters via the measured perturbations in
the benzened transition induced by the acetic acid
clusters[27].

The mass spectrum shows also the generation of
the H*A,, series. In all the MPI experiments, no ions
could be generated in the absence of benzene in the

cluster ion intensity with the number of acetic acid beam expansion and no neat acetic acid clusters could
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Fig. 6. El mass spectrum of large (benzgn@yetic acid) clusters (B,A,), showing the high abundance of the ions containing two and
four acetic acid molecules. The clusters are generated from the expansion of 40 Torr benzene and 15 Torr acetic acid vapor mixture in He
at a total pressure of 1400 Torr.

be ionized using the laser powers employed in the used in the current experiments. In fact, the ledpg
current experiments. This indicates that the A plot of the ion signal of the HA,, series vs. the laser
ions are generated through intracluster dissociative power at 259 nm has a slope of 3.1 which indicates that
charge transfer reactions, which produce ionized the generation of the HA, proceeds via the absorp-
acetic acid clusters. The ionized acetic acid clusters tion of three photons by the binary neutral clusters.
(CH3COOH),* then undergo the well-known pro-

ton transfer reaction to form the protonated series 3.3.2. MPI results

H*(CH3COOH),_1. Intracluster charge transfer from Fig. 9displays the mass spectrum obtained follow-
ground state §Hg™ to acetic acid clusters Ais only ing the MPI (at 248 nm) of the benzene—acetic acid
favorable if the IP of A is less than that of benzene clusters generated from the expansion of a vapor mix-
(9.25eV), which is only expected for very large, A ture consisting of 27 Torr benzene, 6 Torr acetic acid
clusters. However, the observation of the protonated and 1300 Torr He at 295K. Unlike the REMPI ex-
series H A, starting fromn = 1, suggests that charge  periments where ionization is preceded by resonance
transfers from electronically excited benzene ions are absorption from different binary clusters at specific
probably involved. We note that the generation of the wavelengths, in the 248 nm ionization all the clusters
first excited state of §Hg™ (2 eV above the ground  containing benzene molecules are ionized with equal
state ior{28]) requires the absorption of more thantwo probability since these binary clusters do not exhibit
photons of the 266, 259 nm or the 248 nm laser lines resonance absorption at this wavelength.
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evident together with the remarkable local maximum
observed for the BAg ion. It should be noted that
/\ /\ the even/odd alternation is also observed within other
) T T series of the binary clusters containing more benzene
molecules. For example, the ion intensity pattern

/\ within the BsA,, series exhibits strong even/odd alter-
/\/ nation as shown ifrig. 10(b)

The above results provide strong evidence for the
favorable production of multiple acetic acid dimers

100 -
/\/\/\ by supersonic expansion from the dimer-rich acetic

B,A,

100

=N
[=
o o
1

o

acid vapor, and for the unusual abundance of the
0 B2Ag ion. It should be noted that other examples
100 of even/odd alternation in ion intensity have been
\/ \__ reported and attributed to the alternating formation

of cyclic and acyclic oligomer ions in ionized olefin

' * systems[29,30] A similar effect of intensity alter-
1004 \/‘ 10 nation has been observed for nitric oxide clusters
/ \ and attributed to electronic effects derived from the

pairing of electrons in the even-numbered clusters

Normalized Intensity

0

0 T T T T

2 3 4 5 6 7 8 [31,32] Recently, Miller and co-workers reported an
"n" - number of acetic acid interesting alternation in the ion intensity of H&r),,
molecules in the cluster clusters, and explained the results by purely geometric
Fig. 7. Relative ion intensities of the cluster seriesA3 for effects which favor the even-numbered clus{8g].

m = 4, 6-8 and 10 as functions of the number of acetic acid mole-

cules in the cluster. Data corresponds to the El specti@gf6. 3.4. Dimer and tetramer structures

By using a higher benzene concentration in the |t is interesting to speculate about the structures
pre-expansion mixture, the abundance of clusters con- of the observed abundant ions. Ab initio calculations
taining multiple benzene molecules can be enhancedusing the 6-31G" basis set predicts the well-known
as shown for the BA, series. The ion intensity of this  head-to-tail planar cyclic structure (I) to be a mini-
series shows unusual enhancement of the signal cor-mum energy structure of the acetic acid dimer (bind-
responding to the BAg ion (M/z 636). By using deu-  ing energy= —15.5kcal/mol) [34]. In view of the
trated benzene @Ds), instead of GHe, the enhanced  stability of the cyclic dimer, a structure in which the
ion intensity is now observed at/z 648 correspond-  penzene and the acetic acid dimer rings are stacked
ing to (GsDe)2Asg. This effect has been observed un- parallel to each other appears to be a reasonable can-
der the expansion conditions where thg?B series is didate for the BA cluster.

predominant independent of the method used for the H 01819 A 0.962 A
ionization of the clusters. 120l A AP H %I_mﬁ A H
The effect of different ionization methods on the %C ch frey

observed local maximum of the,Bg ion intensity —
is illustrated inFig. 10(a) by comparing the rela- H LS0TA

tive ion intensity within the BA, series obtained by H E T8I9A O
MPI (266nm) and El methods. In both cases, the
even/odd feature of the ion intensity distribution is Structure (I) (6-31G*¥)

0
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(350K) benzene and 335 Torr (350K) acetic acid vapor mixture in He at a total pressure of 2000 Tdfr=aB880 K. (b) Relative ion
intensity within the BA, series obtained from MPI (248 nm) ionization of the neutral cluster beam. The clusters are generated from the
expansion of 27 Torr (274 K) benzene and 6 Torr (282 K) acetic acid vapor mixture in He at a total pressure of 1200 Toes; 288 K.

The observation of alternation in the ion intensity In order to evaluate the relative stability of the
of the binary B,A,, clusters is consistent with struc- acetic acid tetramer as compared to two individual
tures containing multiple cyclic dimers of acetic acid dimers, we carried out semi-empirical (AM1) calcu-
around the benzene cluster ion. In addition, we pro- lations on the acetic acid tetramer starting from two
pose the formation of a stable acetic acid tetramer in dimers stacked in staggered (II) and eclipsed (lll)
order to explain the observation of strong magic num- configurationgd34].
ber for the BAg ion. Mori and Kitagawg35] pro-
posed a tetramer structure consisting of two dimers
stacked in a staggered configuration, which avoids the f
steric interaction between the methyl groups. Castle- *“‘“Z—
man and co-workers, based on their electric deflection ) : -—&1_,,
study of acetic acid clustel86], proposed a trimer ’
structure in which a third acetic acid molecule bridges '
across the dimer ring, i.e. the carbonyl group of the
third acetic acid molecule is bridged to one of the
hydrogens of the cyclic dimer, while the hydrogen | /,_><
from the OH of the monomer is bridged to a car- N R \
bonyl group in the dimer structurd=ig. 4 in [36]). ></
For the tetramer, they propose that the fourth acetic
acid molecule adds to the trimer by another bridg-

ing structure across the opposite face of the cyclic Structure 11 (AM1)
dimer. (E = -1.7 keal/mol)
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Structure IIT (AM1)
(E =0.0)

Structure IV (AM1)

The two staggered dimers (ll) at the optimum in-
terplanar distance of 4.4 A gives a lower total energy
(by 1.7 kcal/mol) than the two eclipsed dimers (111) at
the same interplanar distance of 4.4 A. (The eclipsed
dimers did not result in a minimum in the total en-
ergy vs. interplanar distance plot.) However, full opti-
mization of the staggered structure results in a lower
energy structure (IV) where the two dimers are tilted
from the planar configuration. Structure (IV) gives a
total energy lower by 3.5 kcal/mol than the energy of
two isolated dimers optimized at same level of calcu-
lations (AM1). The same trend was found from the ab

Y.B. Pithawalla et al./International Journal of Mass Spectrometry 218 (2002) 49-62

initio calculation of structure (1) where geometry op-
timization at the 6-31 & level results in structure (V),
which is nearly similar to structure (IV). The main dif-
ference between structures (V) and (V) is that in (V)
the two dimer rings are less tilted inwards and appear
to retain a higher degree of planarity as compared to
structure (IV) (the dihedral anglex€0; - - - H-O] in
structure (V) is 45.0).

Our observation of a magic number behavior for the
B2Ag ion but not for the BA suggests that the benzene
dimer cation is contributing to the stability of theBg
ion. Due to the contribution from charge transfer reso-
nance interaction, the benzene dimer cation possesses
a large binding energy~(17 kcal/mol), as compared
to other aromatic or mixed aromatic dimer cations

Structure (V) (6-31G*%)
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[37]. Also, the stacked structure is the most likely
structure of BT since it maximizes ther-resonance

indicating the generation of multiple dimers as a result
of clustering from a dimer-rich vapor phase. Proto-
interaction[38]. In view of these considerations, we nated acetic acid clusters are generated following the
propose a structure for theoBg ion, where the ben-  three-photon absorption by the binary clusters, which
zene dimer cation is placed between two acetic acid leads to dissociative charge transfer followed by pro-
tetramers, each possessing a structure similar to (V). ton transfer within the ionized acetic acid clusters. Ev-
It should be noted that this proposed structure could idence is presented for the special stability of thdB
also be an appropriate candidate for the neutp 3 ion, which is proposed to consist of a benzene dimer
cluster where the most stable structure of the ben- cation entrapped between two acetic acid tetramers.

zene dimer is known to be the perpendicular con-
figuration (T-shaped)39]. However, recent calcula-
tions have shown that the difference in the binding

energy between the T-shaped and parallel-displaced
structures of the neutral benzene dimer is quite small

(0.2—-0.3 kcal/mol)40]. This means that little change
in the structure of the BAg neutral cluster could be ex-

pected upon the ionization of the benzene dimer unit,

which is consistent with the observation of enhanced
intensity of the BAg ion under different ionization
methods.

4. Conclusions

In this paper, we have compared the nature of in-
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