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B cenTsiope 2008 . B benrpane cocrosuiace oue-
penHada MexjyHapojHasi KoHdepeHins 1o GyHaa-
MEHTAJIbHBIM U IPUKJIATHBIM aciiekTaM (pu3ndecKoi
XuMuu, opranuzobanHag O01ecTBOM PU3NKOXUMU -
koB Cep6uu npu yuactuu MHcTutyta Karannsa bosi-
rapckoil akagemMum Hayk, CHOMPCKOro OTHEICHUH
Poccuiickoit akamemuu Hayk, akynbrera pusnue-
ckoii xumun benrpaackoro yuusepcurera, benrpan-
CKOTO MHCTUTYTa XUMUM, TEXHOJOTHH U METaJUIyp-
rMy, a takxe benrpaackoro umHcTUTYTA OOLLIEH M
dusnyeckoit xumuu. Ilpeacenarenem oprkomurera
koHpepeHuun Ob1  npod. CrnobomaH AHUY
(S. Ani¢), a [IPOrPaMMHBIA KOMUTET BO3IJIaBIIsuIa
AHxna AnTud-HMosarosud (A. Anti¢ -Jovanovic).

Ha xongepeHnmm 6bUT npeacTasieH LIMPOKUNA
CIMEKTP OOKJIAJOB MO pPa3nuyHBIM HAIPABICHUAM
usndeckoit XuMun ¥ GU3MKO-XMMHYECKAM acIieK-
TaM CMEXHBIX HayK. JloKIanbl, TOCBSIIIEHHbIE IIPO-
6eMaM XUMUUYECKOW KUHETHKM M KaTajin3a, [pell-
CTaB/IsIIM PabOTHI MO IKCINEPUMEHTAIBHOMY U3YyYe-
HHIO KHHETUKH KOHKPETHBIX XMMUYECKUX PEaKLUA,
MO KHHETUKE aJcopOLMM, KUHETHUKE peaKkLuii BO
BHEINHUX ITOJIAX, TEKCTYPE U CBOMCTBAM MOBEPXHO-
CTH Pa3jIMYHBIX KATaJu3aTOpPOB, B TOM YHUCIE TIO-
BEPXHOCTH HOCUTENEH 111 HAHECEHHbIX KaTAJIM3aTO-
POB, TI0 UCTIOJIb30BAHUIO HAHOTEXHOJIOT M IIPU [IPU-
TOTOBJICHUN Karaau3aToOpOB W MO POy JAPYTHAX
HamnpapieHui. Ha otaenbHO# cekumn ObUIM mpes-
CTaBJCHBI PabOTHI IO M3YYEHHUIO DJIEKTPOXMUMMHYE-
CKUX Peakilni B pacTBopax U 2JIEKTPOXUMUYECKOTO
[IOBEAEHUS] HOBEPXHOCTH KATATU3AaTOPOB.

K a1tiM paboram T€CHO NPUMBIKAIOT paboThl MO
HCJTMHETHON IMHAMUKE XUMHWUECKUX peakLuii, aHa-
JIN3Yy BPEMEHHDBIX NOCAEAOBATCILHOCTEH B CIIEKTPAX
K0JIe0aTEeJIbHBIX PeaKkInid, U3YYeHUIO BIMIHUS KO-
POTKOBOJIHOBOI'O W MHWKDPOBOJIHOBOTO M3JIyYEHHS,
KaTaJiM3aTopoB U TEMIEPATypbl HA KMHETUKY KOJIE-
DaresibHbIX peaKLUii.

PaboTbl MO CHEKTPOCKONHMU M MOJIEKYJISIPHOM
CTPYKTYpe ObLIN CBSI3aHbI KAK HEIOCPENCTBEHHO C

WHTEpTpETal el CIIEKTPOCKOTIMYECKUX JAHHBIX Ha
OCHOBE IIPEACTABIACHUIN O CTPYKTYPE COeIMHECHUN 1
MEXMOJIEKYNISIPHBIX B3aUMOACUCTBUAX, TAK U C TEO-
peTrnyecKoil pa3paboTKOM METOJOB aHAIM3a TAKWX
MAaHHBIX.

bonpiioe umnciao pabor ObLIO TNPEACTABAEHO MO
ouoduznIecKoi XuMnM, (POTOXMMUU U PALUALIUOH~
HOM xuMur. B yacTHOCTH, MOXHO YITOMSIHYTb pabo-
Thl TI0 U3YYECHHUIO AKTHUBHOCTH H HHTUOHPOBAHUS
(bepMeHTOB, O aHAIM3Y CAMOCOOPKU aMUJIOUIHBIX
CTPYKTYD, MOJAEJIMPOBaHMIO OHOMeMOpaH, 1O MC-
ITOJIL30BAHU IO PA3THUYHBIX (PUNKO-XUMHUUECKUX Me-
TOJOB TIPH aHaIM3e POTO- U OUOXMMUUYECKUX peaK-
M 1 aKTUBHOCTH Pa3/INYHbIX KATAJIN3aTOPOB B Ta-
Knx peakuusix. Ha OTOEIbHBIX CEKIIMOHHBIX
3ace]aHMsIX ObUIW 3aciIyllaHbl JOKJIAibl 110 agcopo-~
LW U TIOBCPXHOCTHBIM ABJIECHUAM, MO QPU3HUUECKON
XUMMUY TOJIMMEDPOB, PATUOXUMUM U 3aIUTE OKPYKa-
IOIEN cpeabl, MO (PUBMKO-XUMUYECKUM acCIIEKTam
HAyK O Marepuaiax ¥ KOMILIEKCHbIX COCTMHEHUSIX.

B manHom Homepe “2KypHana dusznueckoil xu-
MHH” MpeACTaB/ieHa JUIIb HEOOJIBIIAS YacTh COOb-
INCHUM, 3aciayliaHHbiXx Ha KoHdepenuun. Kparkoe
U3JIOXKEHHUE BCEM COBOKYITHOCTM MaTepHaIOB KOH-
(depenunm naHo B “Physical Chemistry. Proceedings
of the 9th International Conference on Fundamental
and Applied Aspects of Physical Chemistry”, Septem-
ber 24—26, 2008, Vol, 1, 2. Belgrade, Serbia.

[Ipedcedamens mexcdynapoonozo opexomumema
Kongpepenyuu Caobodan Anuy

[Ipedcedamens npoepammmozo Komumema
Anxuya Aumuy-Hoesanoeuy

Buye-npedcedamens nokanshoeo opexomumema
Kenavko Yynuu

Samecmumens 21a61020 pedakmopa
“Kypnana gpuszuueckoil xumuu”
H.®. Cmenanoe
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CHEMICAL THERMODYNAMICS
AND THERMOCHEMISTRY

ENTHALPY OF FORMATION OF ACYCLIC SATURATED KETONES
© 2009 S. Markovié, A. Despotovi¢, D. Jovanovié, 1. Durovié¢

Faculty of Science, University of Kragujevac, Serbia
E-mail: mark@kg.ac.yu

Abstract — The dependences of A: on the size of molecule, position of carbonyl group, and branching of
molecule are investigated at the PMS5 level of theory. The major part of A¢H is determined with the size of mol-
ecule, whereas fine structure of A¢H is determined with the branching of molecule and position of carbonyl

group.

INTRODUCTION

Enthalpy of formation (A¢#) is an important phys-
ico-chemical property of substances, from which one
can calculate enthalpies of reactions before perform-
ing experiments. Like many other properties, enthalpy
of formation is dependent on molecular structure.
This is illustrated with Fig. 1, where a plot of A;/{ ver-
sus the number of carbon atoms n of 2-ketones is pre-
sented. The dependence of A;H on the size of molecule
is obviously linear, where only the value for 2-oc-
tanone deviates from linearity (the correlation coef-
fitient for this straight line where 2-octanone is ex-
cluded from consideration is equal to —0.99997).

It is well-known that boiling points of ketones are
influenced by the position of carbonyl group within a
molecule. One can suppose that enthalpy of formation
of ketones also depends on the position of carbonyl
group, and perhaps on some other structural details.
To examine the dependence of enthalpy of formation
of ketones on molecular structure it is necessary to cal-
culate the values for those ketones for which the exper-
imental enthalpies are not available.

In the past decade, accurate prediction of the en-
thalpies of formation of gas-phase molecules has been
achieved via high level quantum chemistry methods.
For more information on the applications of quantum
chemical calculations to thermochemical quantities a
reader is referred to the review [1]. and the references
given therein. As for ketones, the G2 ab initio ap-
proach was applied to calculate enthalpies of forma-
tion of cyclopropenone, cyclopropanone, and acetone
[2]. Similar methodologies have not been employed in
calculation of A H values of larger ketones.

To examine the dependence of A of ketones on
molecular structure, molecules of interest are much
larger than those that can be studied by means of G2
and G3 theories. Thus, computational methods that
are less CPU demanding are necessary. Bond and
group additivity approaches based on an empirical ex-
perimental data set have been widely used in estimat-
ing enthalpies of formation. A combined HF/6-31* —
empirical scheme for calculating enthalpies of forma-

tion of carbonyl compounds was developed [3]. In ad-
dition, molecular mechanics MM3 and MM4 calcu-
lations of the enthalpies of formation for about 50
open chain, ring, and fused ring carbonyl compounds
were performed [4]. The MM4 calculated enthalpies
of formation showed improvement over those of
MM3.

In some cases, the disagreement between the ex-
perimental and calculated values (using either the
bond and group equivalent scheme or molecular me-
chanics methods) was observed {3, 4]. It was conclud-
ed that the experimental enthalpies of formation of
some carbonyl compounds (e.g. cycloheptanone and
norbornanones) were seriously in error.

There is an ever growing demand for semiempirical
methods, especially for investigations of larger molec-
ular systems, where ab initio and density functional
theory are not suitable. In the Parametric Method 5
(PM5) a new parameter set, called PM5, has been
added [5]. Parameters are available for all non-radio-
active main-group elements, Zn, Cd, and Hg. It is
supposed that the average accuracy for enthalpies of
formation over all parameterized elements is improved

—A¢H, kcal/mol

L 4
2
60 ¢
4

80 V'S ¢

4
100 1 i I i 1

2 4 6 8 10 12
h

Fig. 1. Experimental enthalpy of formation of 2-ketones
versus number of carbon atoms.
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by approximately a factor of four, compared to the
AM1 and PM3 parameterizations [5].

PMS5 was successfully applied in the investigations
of the Schiff base of gossypol with 3,6-dioxadecy-
lamine [6]. Monensial A allyl ester and its complexes
[7]. Oligomycin A complex structures with some diva-
lent metal cations [8]., calculation of molecular hy-
perpolarizability of fluorenyl molecular system [9],
etc. On the other hand, the presumed PMJ5 superior
performance against AM1 and PM3 was not observed
for the stilbene structures [10].

The main goal of this work is to investigate the de-
pendence of the enthalpy of formation of ketones on
molecular structure (i.e. the size of molecule #, posi-
tion of carbonyl group ¢, and branching of molecule b)
by means of PM5.

COMPUTATIONAL PROCEDURES

The calculation of the enthalpies of formation of
ketones is complicated with the fact that a ketone mol-
ecule can adopt more than one conformation, where

each conformation has its own enthalpy. Therefore, to

determine the enthalpy of formation of a ketone, it is
necessary to construct all its conformations, calculate
the enthalpy of formation of each single conformer,
and finally, calculate A¢H of the ketone using the for-
mula [11]:

AH =" N(AH), (M)
where (A:H); and N, represent the enthalpy of forma-
tion and mole fraction of the ith conformer, and N, is
given by the formula:

(AH), — (AH),
N.+S$'N, ot B el e
i E i/ exp =T
J#i

Program package Spartan’02 provides facilities for
carrying out conformational search at the semiempir-
ical levels of theory [12]. Thus, Spartan’02 is used to
construct a series of low-energy conformers for each
ketone molecule under investigation, at the PM3 level
of theory. The geometries of all molecular structures
correspond to the energy minima in a vacuum. Only
conformers within 10 kcal mol~! of the global mini-
mum are kept. Maximum number of conformers is set
to 100. This implies that, in those cases where a ketone
molecule can adopt less than 100 conformations, all
conformers are taken into account; and, in those cases
where a ketone molecule can adopt more than 100
conformations, the program attempts to select the
most diverse set of 100 conformers, representing the
entire population.

The so obtained structures are used as input geom-
etries for the program package CAChe 6.01 13, which
enables calculation of the enthalpies of formation em-
ploying PM5 Hamiltonian. In this way a series of the
PMS5 enthalpy values is formed for each ketone.

1. 2)
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The enthalpies of formation for all investigated ke-
tones are computed using Egs (1) and (2), at the PM5
levels of theory.

Note that CAChe 6.01 does not provide facilities
for performing conformational search at quantum
mechanical level. In this way, the programs Spartan
and CAChe are combined to obtain PM5 enthalpies of
formation using the PM3 geometries of the ketones
conformers.

RESULTS AND DISCUSSION

Following the above described procedure, the AcH
values for 30 saturated acyclic ketones are calculated
employing PM5 Hamiltonian. This set embraces all
ketones for which the experimental gas phase values
for A¢H are available in literature [ 14, 15]. In Fig. 2 the
calculated conformers of some ketones are presented.
Our calculations show that acetone has C,, symmetry,
where the methyl hydrogen eclipses the carbonyl oxy-
gen. Our findings are in agreement with the results of
microwave spectroscopy [16, 17] and the electron dif-
fraction method [18] concerning the structure of ace-
tone. Spartan creates a set consisting of 3 conformers
for 2-butanone: two gauche and one eclipsed confor-
mations (structures 1—3 in Fig. 2). PM5 calculation
favors eclipsed conformation. Experimental methods,
like microwave spectroscopy [19], electron diffraction
[20], and Raman spectroscopy confirm that the
eclipsed form is the most stable conformation of 2-bu-
tanone. Structures 4—11 in Fig. 2 represent the con-
formations of 2-pentanone. Similarly to 2-butanone,
PMS5 predicts that the eclipsed form (structure 4) is the
most stable conformation of 2-pentanone. As for 2,4-
dimethyl-3-pentanone, a gas-phase electron diffrac-
tion study revealed three conformers of this compound
with symmetries C|, C,, and C,, with the first being the
most stable [21]. Our investigation also reveals one
conformer with C, symmetry (structure 12 in Fig. 2),
one conformer with C; symmetry (structure 16), and
six conformers with C; symmetry (structures 13—15,
and 17—19). PM5 favors conformers 12 and 13 (with
C, and C, symmetries) having almost identical A;H val-
ues. Conformers 17—19 can be neglected, since their
mole fractions are lower than 1%. Thus, there are two
major conformations with C; symmetry: 13 and 14.
The mole fractions of the conformers with C;, C,, and
C,symmetries amount to 63, 30, and 7%, respectively.
The PMS5 calculated mole fractions agree well with the
quantum mechanical [21]. and molecular mechanical
calculations [3, 4], but not as well with the experimen-
tal results [21].

Table 1 collects the experimental and PM5 values
for A¢H of investigated ketones. The average relative
error is equal to 2.5%, whereas the correlation coeffi-
cient amounts to 0.990.

It is noticeable that the experimental A¢H for 2-oc-
tanone significantly deviates from linearity (Fig. 1). It
is very difficult to account for any physico-chemical
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(1), -56.76

(5), -61.67

(16), -71.89 (17), -70.56

MARKOVIC et al.

(3), —56.02

(6), —61.67

(10), —60.38

(18), —67.69 (19), —67.69

Fig. 2. Conformers and their PM5 A¢H values in kcal/mol for 2-butanone (structures 1—3), 2-pentanone (4—11), and 2,4-dime-

thyl-3-pentanone (12—19).

reason for such occurrence. It is reasonable to decide
that the experimental AH for 2-octanone is in error. It
will be shown later that the major part of the enthalpy
of formation of ketones is determined by the size of
molecule. In agreement with this, the experimental
values of octanones are mutually very similar
(Table 1). Thus, one can conclude that a systematic
error was included while determining the experimen-
tal A¢H values of all unbranched octanones. It is worth
noting that octanones were not included either in the
set of carbonyl compounds used to evaluate the incre-
ments [3], or for optimizing the enthalpy of formation
parameters [4]. If only unbranched ketones are con-
sidered, and octanones are excluded from consider-

XKYPHAJI ®U3UYECKON XUMUU

ation, the average relative error and correlation coeffi-
cient for the PM5 approximation amount to 1.0% and
0.9990, respectively. It should be pointed out that sev-
eral of these molecules can adopt more than 100 con-
formations, and their PMS5 enthalpies are calculated
on the basis of representative sets consisting of 100
conformers, created by Spartan’(2.

As for branched ketones, the average relative error
and correlation coefficient amount to 2.8% and 0.996,
respectively. The relative errors of branched ketones
are generally higher than those of unbranched ke-
tones. Note than none of the branched ketones can
addopt more than 100 conformations, implying that
all possible conformers for each ketone are taken into
Ne 9
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Table 1. Experimental (Exp) and PMS5 enthalpies of forma-
tion (—A¢H, kcal/mol, RE denotes relative error)

Ketone Exp | PM5 RE
2-Propanone 52.23| 51.56 | 1.3
2-Butanone 57.02| 5649 | 0.9
2-Pentanone 61.91| 62.01 0.2
3-Pentanone 60.60| 61.79 | 2.0
2-Hexanone 66.87| 67.47 | 0.9
3-Hexanone 66.50| 67.28 1.2
4-Heptanone 71.30( 72.87 | 2.2
2-Octanone 82.47( 7820 | 5.2
3-Octanone 80.93| 78.12 | 3.5
4-Octanone 83.49| 78.09 | 6.5
2-Nonanone 81.45] 81.79 | 0.4
5-Nonanone 82.44( 8294 | 0.6
6-Undecanone 92.59( 92.01 | 0.6
2-Dodecanone 96.62| 98.85 1.3
3-Methyl-2-butanone 62.76| 62.15 1.0
3,3-Dimethyl-2-butanone 69.47| 6749 | 2.8
3-Methyl-2-pentanone 67.90| 67.43 | 0.7
4-Methyl-2-pentanone 69.60| 68.10 | 2.2
2-Methyl-3-pentanone 68.40| 67.29 1.6
3,3-Dimethyl-2-pentanone 72.60| 72.03 | 0.8
4,4-Dimethyl-2-pentanone 76.60| 73.62 | 3.9
2,2-Dimethyl-3-pentanone 75.00| 72.65 | 3.1
2,4-Dimethyl-3-pentanone 7440 72.57 | 2.5
3,3,4-Trimethyl-2-pentanone 78.50| 76.23 2.9
2,2,4-Trimethyl-3-pentanone 80.86| 77.76 | 3.8
3,3,4,4-Tetramethyl-2-pentanone | 83.10| 79.11 4.8
2,2,4,4-Tetramethyl-3-pentanone | 82.65| 77.58 | 6.1
2,6-Dimethyl-4-heptanone 8549|8449 | 1.2
2,2,5,5-Tetramethyl-3-hexanone 94.14 | 88.70 5.8
2,2,6,6-Tetramethyl-4-heptanone | 100.70| 95.30 | 5.4

Note. 2-nonanone, 2-dodecanone, 2-, 3- and 4-octanone not in-
vestigated in Refs [3, 4].
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account. This fact indicates that construction of repre-
sentative sets cannot be a reason for deviation of PM5
values from experimental values.

It can be concluded that PM5 reproduces AiH of
saturated ketones with reasonably high accuracy, and
successfully predicts the structure of the most stable
conformation. In the further investigation PM5 is used
to predict A¢H of numerous unbranched and branched
ketones.

Dependence of A on Molecular Structure of Ketones

The dependences of A/ on the size of molecule n
(number of carbon atoms), position of carbonyl group
¢, and branching of molecule 4 (number of methyl
substituents) are considered. When the dependence of
A¢H on a certain structural feature is examined, the
other two are kept constant. It is expected that the in-
fluence of all structural features can be better ex-
pressed in this manner, because a smaller influence of
some structural property is protected from possible
screening by a much larger influence of another struc-
tural property.

A¢H values are calculated for all unbranched ke-
tones up ton = 11 (Tables 1 and 2). In agreement with
the experimental results (Fig. 1), A¢H of ketones de-
creases with the increasing size of molecule by approx-
imately 5 kcal/mol per methylene group. The depen-
dence of A/ on n is linear. The correlation coeffi-
cients for the homologous series of 2-, 3-, and 4-
ketones are equal to —0.9993, —0.995, and —0.995, re-
spectively.

The dependence of A;H on c is examined in the se-
ries of unbranched isomers where n = 7—11. For ex-
ample, when this dependence is investigated for n = 8§,
then the A¢H values of 2-, 3-, and 4-octanones are mu-
tually compared. Tables 1 and 2 show that the influ-
ence of the position of carbonyl group is smaller than
that of the size of molecule. For lower values of n (i.e.
n < 8) the A¢H values in a series of isomers differ by no
more than 0.2 kcal/mol. For n > 9 the differences
among the A¢H values of the members of isomeric ke-
tones become more pronounced, but do not exceed

Table 2. A¢H values in kcal/mol of investigated ketones whose experimental values are not available in literature, calculated

using PMS5
Ketone —AcH Ketone —AH Ketone —AeH
2-Heptanone 72.85 4-Decanone 85.18 3-Methyl-2-hexanone 72.75
3-Heptanone 72.79 5-Decanone 85.70 4-Methyl-2-hexanone 72.73
3-Nonanone 81.13 2-Undecanone 91.49 5-Methyl-2-hexanone 73.08
4-Nonanone 81.54 3-Undecanone 89.83 2-Methyl-3-hexanone 72.81
2-Decanone 87.38 4-Undecanone 90.78 4-Methyl-3-hexanone 72.69
3-Decanone 84.49 5-Undecanone 90.80 5-Methyl-3-hexanone 73.21
3,4-Dimethyl-2-pentanone 72.69
KYPHAJT ®USUYECKOH XUMUKU Tom 83 Ne 9 2009
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Fig. 3. Dependence of the enthalpy of formation on the
position of carbonyl group for the unbranched nonanones
(n=9), decanones (n = 10), and undecanones (n = 11).

2 kcal/mol. Fig. 3 illustrates the influence of ¢ upon
A¢H of higher isomeric ketones.

In each examined series of isomeric ketones the
A¢H value of 3-ketone is higher than that of 2-ketone
(Tables 1 and 2, Fig. 3). As the carbonyl group is fur-
ther shifted towards the middle of a molecule, en-
thalpy of formation decreases. In case of decanones,
where 7 is even number, 2-decanone exhibits the low-
est A¢H value. In case of nonanones and undecanones,
where n is odd number, the lowest A¢H values are asso-
ciated with 5-nonanone and 6-undecanone, respec-
tively. This occurence can be a consequence of a pos-
sibility that ((n + 1)/2))-ketones (where n is odd num-
ber) adopt conformations with C,, symmetry. It is
worth pointing out that there are experimental results
for  4-heptanone, 2-nonanone, 5-nonanone
(5-nonanone is more stable), 6-undecanone, and
2-dodecanone. Our findings are apparently in perfect
accord with the experimental results on A¢H of acyclic
saturated ketones. An interesting feature of Fig. 3 is
that the A¢H values of 4- and 5-undecanones are mu-
tually very similar. We suppose that larger ketones will
also exhibit this behavior, implying that, in cases
where carbonyl group is sufficiently separated from

XKYPHAJl ®UBUYECKON XUMUHU
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the end and middle of the molecule, enthalpy of for-
mation becomes indipendent of c.

To investigate the dependence of A;H on b, all un-
branched and branched heptanones (b = 0—2) are ex-
amined. The results of this investigation are presented
in Tables 1 and 2. One or two o methyl groups, relative
to carbonyl group, contribute to the enthalpy of for-
mation elevation. This is probably a consequence of
steric hindrance caused with the vicinity of carbonyl
and methyl groups. When methyl groups are not in o
positions the A¢H values are in most cases lowered in
comparison to those where b = 0.

The difference between the lowest and highest A1
value (for 4,4-dimethyl-2-pentanone and 3,3-dime-
thyl-2-pentanone, respectively) amounts approxi-
mately 1.6 kcal/mol. It is noticeable that this value is
lower than the differences between the A:H values of
2-octanone and 3,3,4-trimethyl-2-pentanone of
2 kcal/mol (Table 1); and, 2-nonanone and
3,3,4,4-tetramethyl-2-pentanone of 2.7 kcal/mol. It
can be supposed, on the basis of these facts, that the
influence of the branching of molecule is stronger in
case of larger molecules, where there is larger number
of distinguished isomers, and b can take larger values.
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Abstract — Series of alumina supported chromium—copper catalysts were prepared by co-impregnation
method. The samples were characterized by X-ray diffraction, X-ray photoelectron spectroscopy and UV-
visible diffuse reflectance spectroscopy. Dispersion and porosity was also obtained. The experimental and cat-
alytic test results have drawn a conclusion that an interaction between copper and chromium ions takes place.
This interaction is responsible for the enhanced catalytic activity of studied catalysts in reaction of total oxi-
dation of industrial formaldehyde production exhaust gas, which contains CO, dimethyl ether and methanol

as main components.

INTRODUCTION

The industrial formaldehyde production all over
the world produce huge amount of dusts and exhaust
gases. Therefore their complete oxidation is of high
importance for environmental protection. In catalytic
studies, much attention is paid to systems containing
two different oxide phases deposited on the support in
order to obtain enhanced catalytic activity and lower
catalyst deactivation — phase stability, absence of ag-
glomeration, etc. [1—3]. Interaction between two ox-
ide phases may lead to changes in the surface structure
and modification of their catalytic properties in com-
parison to the systems containing such oxides sepa-
rately. The type of interaction between supported ox-
ides and the structure of the material formed depend
on the chemical and crystallochemical properties of
each component.

Thus, we considered it interesting to follow the
changes in the surface structure of the system contain-
ing CuO and Cr,0; supported on y-Al,0; and make an
attempt to correlate the appearing surface species with
catalytic activity.

EXPERIMENTAL
Sample Preparation

Series of copper—chromium oxide catalysts were
prepared by co-impregnation method [4, 5]. The sam-
ples were obtained by mixing of support y-Al,O; with
an aqueous solution of chromium anhydride and cop-
per nitrate. The amount of solution taken was suffi-
cient for incipient wetness to be observed. The samples

were calcinated at different temperatures: sample 1 —
300°C, sample 2 — 500°C; sample 3 — 700°C; sample
4 — 800°C; sample 5 — 500°C (triple impregnated).

Sample Characterization

The phase composition, structure and dispersity of
the samples was determined by N, physisorption,
X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) and Diffuse reflectance UV- visible
(UV-VIS) measurements.

A Sorptomatic 1990 (Thermo Finningen) was used
to determined nitrogen physisorption isotherms at
77K. Appropriate software — WinADP 5.1 was used to
determinate textural parameters: specific surface area
(Sggr), micropore volume (V) and mesopore vol-
ume (Vi)

XRD patterns were obtained on TUR M62 appara-
tus, HZG-4 goniometer with Bregg-Brentano geome-
try, CoK,, radiation and Fe filter. JCPDF data base was
used for the phase identification [6].

XPS was carried out using ESCALAB MKkII (VG
Scientific) electron spectrometer at a base pressure in
the analysis chamber of 5 x 107! mbar (during the
measurement 1 x 10~% mbar), using MgK, X-ray
source (excitation energy Av = 1253.6 eV) (AIK,, X-ray
source (excitation energy hAv = 1486.6 eV)). The pass
energy of the semispherical analyzer was 20 eV (be-
cause of its small signal for Cu2p and Cr2p 50 eV pass
energy was used), 6 mm slit widths (entrance/exit).
The instrumental resolution measured at the full width
at a half maximum (FWHM) of the Ag3ds,,, photo-
electron peak is 1 eV. The energy scale is corrected to
the Cls peak maximum at 285 eV for electrostatic
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Fig. 1. Adsorption isotherms of (1) y-Al,03, (2) sample 2 and (3) sample 3 (empty symbols correspond to desorption data and

solid to adsorption data).

charging. The fitting of the recorded XPS spectra was
performed, using a symmetrical Gaussian—Lorentz-
ian curve fitting after Shirley-type [7] subtraction of
the background.

Diffuse reflectance UV-VIS spectra were recorded
using a Nicolet Evolution 500 spectrometer with a dif-
fuse reflectance accessory using white reference stan-
dard. Reflectance (R) data were converted to pseudo-
absorbance f{R) using the Kubelka — Munk equation.
Samples were ground, heated overnight at 110°C, and
then scanned from 200 to 850 nm.

Catalytic activity tests

The catalytic behavior of samples was studied in the
pilot plant, which includes the following equipment:
(i) flow-line equipment with isothermal reactor, al-
lowing precise control of methanol oxidation parame-
ters, including the amount of by-products fabrication,
and (ii) flow-line equipment with an adiabatic reactor
for additional deep oxidation of the outlet gases, which
includes CO, dimethyl ether (DME) and methanol.
An industrial iron — molybdenum catalyst, produced
by Neochim S.A. [4] was used in the first reactor. Alu-
mina supported CuO—Cr,0O; catalyst with 10% active
component was used in the second reactor. The pilot
plant reaction conditions were kept to be the same as
those in the industrial reactor. The temperature in the
first reactor was retained in the range 300—320°C,
which ensured the same methanol, CO and DME
concentrations in the pilot plant outlet gas as those in
the industrial reactor. The reactant and product gases
were analyzed for methanol and DME by an on-line

XKYPHAJI ®UZUYECKOU XUMUU
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gas chromatograph, equipped with flame-ionization
detector and Porapak Q column. Second gas chro-
matograph, equipped with a thermal conductivity de-
tector MS—13X and Porapak Q columns was used for
CO, CO,, O, and N, determination.

RESULTS AND DISCUSSION

Nitrogen adsorption—desorption isotherms of sup-
port and two chosen samples (assigned sample 2 and
sample 3) are given on Fig. 1. Even all three isotherms
can be classified as same type (according to IUPAC
nomenclature isotherm type 1V) there are obvious dif-
ferences between intensity of hysteresis loop for start-
ing support and samples prepared by co-impregnation
method. Clearly, applied procedure caused some
changes of textural parameters. Samples 2 and 3 addi-
tionally show considerable differences in total N, ad-
sorbed volume, which points out the influence of tem-
perature of calcinations on textural characteristic of
obtained samples.

Textural properties of the support (y-Al,O3) and samples 2
and 3

Sample | Sppr, m*/g | Viie, €/ | Ve, /8
v-AlLO, 305.7 0.119 0.370
Sample 2 102.2 0.038 0.282
Sample 3 92.8 0.035 0.346

2009



1614

Intensity

1 1 1

CHERKEZOVA-ZHELEVA et al.

108 6 4

2 d A

Fig. 2. Powder XRD patterns of studied samples: (/) — support, (2) — sample 1, (3) — sample 4 and (4) — sample 5.

Results of corresponding calculated values Sggr,
Vamic and V.. are present in table. Decrease of specific
surface area for any of two chosen samples is adequate
to decrease of V. (1/3 of starting micropore volume
for the support), showing that decrease of Sgpr value
indubitable originates from partial blocking of mi-
cropores system initially presented in support. Fur-
ther, change of mesopore volume indicates that depo-
sition of added copper—chromium species is presented
in this pore segment, which causes change of pores
shape, perceived through change of hysteresis shape.
Higher temperature of calcinations opened system of
mesopores (but not system of micropores) contribut-
ing in difference of total adsorbed volume of N, for
samples 2 and 3.

The XRD patterns of studied samples showed the
presence of broadened and low intensity diffraction lines.
The pattern of the support is exposed on Fig. 2(1). It was
registered aluminum hydroxide phase — a-AlIOOH [6]
beside of main crystalline phase — y-Al,O; [6]. The regis-
tered spectra of some more representative samples are

XKYPHAJI ®USUYECKOU XUMUHU

shown on Fig. 2 (2—4). It can be seen that diffractograms
of double oxide Cu—Cr—O supported on y-Al,O; sam-
ples (Fig. 2 (2—4)) include mainly characteristic pattern
of the support, as well as broadened lines of low intensity,
belonging to highly dispersed phases. The reasons of this
are the small crystallite size, as well as low crystallinity
degree of supported phases, which complicated the
exact phase analysis. The aluminum hydroxide phase
was not registered in the XRD patterns after thermal
treatment. The obtained supported phases are Cu and
Cr single oxide phases in sample 2 — CuO/CuQO, and
Cr0O;/Cr,05 (Fig. 2 (2)) [6]. The crystallinity of sup-
ported phases slowly increased, some agglomeration
occurs and mixed Cu-Cr oxide phases (as CuCr,QOy,
Cu,Cr,0, and CuCrO,) are obtained with an increase
of thermal treatment temperature (Fig. 2 (3, 4)). There
are no evidences of supported Cu-Cr oxides and alu-
mina support interaction.

We have also characterized the samples by XPS.
The obtained spectra showed that the intensity of the
satellite of the Cu2p peek increases from samples 1 to
2009
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Fig. 3. Diffuse reflectance spectra of some studied samples (/) y-Al,O3, (2) sample 2 and (3) sample 3.

5. This means that oxidation state of copper changes
from Cu* to mixture of Cu* and Cu?*. The established
Cu*/(Cu* + Cu?*) ratio is as follow: for sample 1 — 1,
sample 2 — 0.85, sample 3 — 0.67, sample 4 — 0.25 and
sample 5 — 0.47 (triple impregnated). These values are
in very good agreement with XRD analysis. They
clearly show the increasing of mixed Cu—Cr oxides
formation with an increase of treatment temperature,
besides the presence of single oxide phases at low cal-
cination temperature. The peek form and FWHM of
Cr2p show that the chromium exists in two oxidation
states (Cr3* and Cr®*). The intensity of the Cr®* peek
decreases from samples 1 to 5, i.e., with the tempera-
ture increase. Thus, the oxidation of chromium ions
takes place.

The diffuse reflectance spectra of studied samples
are recorded in the 200—850 nm range (Fig. 3). Two
intense bands are observed at 270 and 370 nm. These
bands are generally assigned to O>~ — Cr®* charge
transfer transitions for chromate species. Broad peaks
centered at 460 and 600 nm, similar to those of solid
Cr,0; are not observed [8].

Figure 4 presents the temperature dependence of
CO, DME and methanol conversion in total oxidation
on the optimal catalyst — studied sample 2 (calcinated
at 500°C) in the temperature interval of 180—320°C.
The obtained results clearly show that the catalyst ac-
tivity is very different depending on the type of outlet
gas compounds. Notwithstanding the low concentra-
tion of methanol in outlet gas, its remarkable oxida-
tion begins at temperatures, significantly lower than
180°C and its conversion is 100% at about 190°C for
all studied catalysts. But their activity in respect to the
oxidation of CO and DME is considerably different.

XYPHAJl ®UBUYECKON XUMHU TomM 83 Ne 9

CO oxidation at the mentioned conditions is signifi-
cantly higher than this of DME oxidation. The oxida-
tion of both compounds was not complete even at
300°C. Comparing catalytic features of the samples, it
can be concluded, that increasing of thermal treat-
ment temperature slightly decreases conversion degree
for the studied reagents. Probably it’s due to the sur-
face area decreasing, pore blocking and partial ag-
glomeration of active phases.

Cu2p and Cr2p X-ray photoelectron spectra ob-
tained for sample 2 (calcinated at 500°C) are shown in
Fig. 5. The numbers 1, 2, 3and 4, nearby the Cu2p and
Cr2p lines represents the spectra measured for fresh
sample at the surface, used sample at the surface, the
bulk of the fresh sample and the bulk of the used sam-
ple, respectively. The Cu2p spectra show increasing of

n, %
100
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60
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J
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T.,°C

1 ] 1 1
220 240 260 280
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Fig. 4. Temperature dependence of total conversion of (/)
CO, (2) DME and (3) methanol on catalyst 2; 1} is conver-
sion degree, 7} is inlet temperature of the adiabatic reactor.
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Fig. 5. XPS spectra of Cu2p and Cr2p for investigated samples: (1) fresh bulk, (2) used bulk, (3) fresh surface and (4) used surface;

FEis the binding energy.

Cu?* part of the spectra going from surface to the bulk
of the fresh sample. From the line shape of the Cu2p
spectrum and the shake up satellite structure, one can
conclude that the bulk consists of Cu?* only. Going to
used sample, we observe the similar behavior of the
dispersion of the Cut* and Cu?*. But, the amount of
Cu?* is less present in comparison with the bulk of the
fresh sample. Therefore, we conclude that catalytic re-
action changes the oxidation state of the elements.
Looking at the Cr2p spectra, we obtained the similar
change of ion oxidation state. The bulk of the fresh and
the used samples, as well as the fresh sample surface
contain mixture of Cr** and Cr®*, whereas the spec-
trum of the used sample surface is typical for the pres-
ence of Cr** only. Therefore, one can conclude the co-
existence of various copper and chromium species
Cu0O/Cu0, and Cr0O;/Cr,05 or CuCr,0,/Cu,Cr,0,
on the surface. According to Wojciechowska and co-
authors [1] the presence of Cu?* facilitates the redox
processes. On the other hand, the presence of Cr,O;
stabilizes at the surface the Cr?* ions. Since the redox
potential of the copper ions system is much higher
than that of chromium ions system, there is a tendency
for a transfer of electrons to form Cr%* and Cu™ ions,
playing the role of active sites in catalytic reaction.
The catalytic tests of studied samples in pilot plant
reveal that the optimal preparation temperature seems
to be 500°C. This catalyst shows the best CO, DME
and methanol oxidation activity. Summarizing the re-
sults presented on Fig. 4 we can conclude that the
presence of an interaction between copper and chro-
mium ions and formation of Cu* and Cr* centers
forms active components of the mixed Cu—Cr oxide
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supported catalysts. The intimate contact of such
phases and possibility of charge transfer in course of
catalytic reaction, as well as highest dispersion of sup-
ported phases are probably responsible for highest cat-
alytic activity of sample 2. The presence of number of
compounds (CuO, CrO;, Cr,0;, CuCrO, and
CuCr,0,) in all studied samples leads to a synergistic
effect and enhanced CO, DME and methanol conver-
sion than the sum of conversions on each oxide sup-
ported on the carrier separately [4, 5].

CONCLUSIONS

Complex copper-chromium oxide catalysts sup-
ported on y-Al,O; have been prepared by co-impreg-
nation method. The characterization methods have
shown a high-dispersed and low crystalline supported
copper-chromium oxide phases. The obtained data
show an interaction between copper and chromium
jions and formation of Cu* and Cr®* centers. With an
increase of the treatment temperature the crystallinity
of the supported phases increases and mixed Cu—Cr
oxide phases (as CuCr,0,, CuCrO, and CuCrO,) are
obtained. This result is supported by the obtained
change of oxidation state of ions. All this explains the
observed catalytic activity of samples in reaction of
deep oxidation of CO, dimethyl ether and methanol,
which is an outlet gas mixture of industrial process —
methanol to formaldehyde selective oxidation.
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Abstract — Platinum electrode decorated with three different mixed-ligand cobalt(I11) complexes of the gen-
eral formula [Co(Rdtc)cyclam](ClOy), [cyclam = 1,4,8,11-tetraazacyclotetradecane, Rdtc™ = morpholine-
(Morphdtc), piperidine- (Pipdtc), and 4-methylpiperidine- (4-Mepipdtc) dithiocarbamates, respectively]
was used to study oxidation of formic acid in acidic solution. The complexes were adsorbed on differently pre-
pared Pt surfaces, at open circuit potential. The preliminary results show increased catalytic activity of Pt for
formic acid oxidation with complex ion adsorbed on the polycrystalline surfaces. The increase in catalytic ac-
tivity depends on the structure of the complex applied and follows the order of metal-coordinated bidentate
ligand as Morphdtc > Pipdtc > 4-Mepipdtc. Based on IR and NMR data, the main characteristics of the Rdtc
ligands do not vary dramatically, but high symmetry of the corresponding complexes decreases in the same
order. Accordingly, the complexes are distinctively more mobile, causing chemical interactions to occur on
the surface with appreciable speed and enhanced selectivity. The effect of the complexes on catalytic activity

presumably depends on structural changes on Pt surfaces caused by their adsorption.

INTRODUCTION

In effort to improve activity of platinum for the re-
actions in fuel cells, several kind of catalysts have been
proposed including bi- or ternary carbon supported
one [1, 2], platinum-based alloys [3], platinum dis-
persed on new type of carbon supports [4, 5] and re-
cently investigated platinum mixed with organic co-
balt complexes [6—9]. Enhanced activity of Pt for
methanol oxidation reaction (MOR) is increased for
more than several 10-fold times when proper mass ra-
tio of Pt:Co was applied [6, 7]. According to the au-
thors, the coexistence of Pt-based sites and sites de-
rived from metal complex is crucial for this improved
activity, which also depends on the structure of metal
complex precursor. Okada and coworkers studied the
complexes with MN;, MN, and MN,O, moiety as
catalytically active sites [8, 9]. The higher catalytic ac-
tivity is attributable to more retained metal coordinat-
ed structure on the catalyst. The ligand nature affects
the electronic state of a central metal ion in the com-
plex [9]. Consequently, the stronger activity for MOR
exhibits the complex with the larger interaction energy
with OH~ [8]. According to the authors, the higher
binding energy stabilizes the OH™ species on the sur-
face that enhances oxidation of CO on the metal sur-
face composing the catalyst to act bifunctionally.

In this sense cobalt(II1) mixed-ligand complexes
with cyclam (MN, chromophore) and bidentate
ligands [10—14] could be attractive from electrochem-

ical point because structural and electronic factors may
simultaneously affect the potential of reaction on the
surfaces. For example, cyclic voltammetric data for
mixed-ligand cobalt(I1I)oxalato cyclam complex show
a large electrochemical stability of the compound as
well as its catalytic effect on electrochemical CO, re-
duction [12]. The electrochemical examination of co-
balt(II1) complexes with cyclam and dithiocarbamato
ligands in aqueous solutions show the influence of the
bidentate heterocyclic S,S'-ligands on the electrochem-
ical behavior of the complexes [13]. The relationship
between structural parameters and electrochemical
properties, as electrocatalytic oxygen reduction and in-
hibition of iron corrosion, was established [14].

The aim of this work is to examine effect of mixed-
ligand cobalt(111) complexes with tetraazamacrocyclic
ligand and heterocyclic dithiocarbamates of the gener-
al formula [Co(cyclam)Rdtc](ClO,), on formic acid
oxidation at Pt polycrystalline electrode.

EXPERIMENTAL

Three heterocyclic cobalt(111) complexes of the
general formula [Co(cyclam)Rdtc](ClO,),, [cyclam =
= 1,4,8,11-tetraazacyclotetradecane, Rdtc™ = mor-
pholine- (Morphdtc), piperidine- (Pipdtc), and 4-
methylpiperidine- (4-Mepipdtc) dithiocarbamates,
respectively] were used to modify the surfaces of Pt
polycrystalline electrode
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X = O (Morphdtc),
=CH,, (Pipdtc),
=CH,, para-CHj; (4-Mepipdtc)

Pt electrode was prepared by mechanical treatment
with diamond past followed by electrochemical poten-
tial cycling in 0.5 M H,SO, between — 0.2 Vand 1.2V
vs. SCE (Saturated Calomel Electrode). SCE was used
in all experiments as reference electrode. In order to
study the structural effect, Pt electrode was prepared
by potential in the range between — 0.2 Vand 0.2 or 0.6
V vs. SCE. Adsorption of each of the examined com-
plexes was performed by immersion of Pt electrode in
10-3 to 10~ M solution during 60 s and by immersion
in 1073 M during 30, 60 and 90 s at the open circuit po-
tential.

All of the experiments were conducted at room
temperature in three-electrode compartment electro-
chemical cell with a Pt wire as the counter electrode
and bridged SCE as the reference electrode. The elec-
trocatalytic activity of Pt modified with adsorbed Co
complex was studied in 0.5 M H,SO, + 0.5 M
HCOOH solution. Formic acid was added in the solu-
tion while holding the electrode potential at — 0.2 V.

1619

Selected IR spectral data (cm™!) of the Co(Rdtc)cy-
clam(Cl10,), complexes

Morphdtc 1466, 1012,
Pipdtc 1465, 1008,
4-Mepipdtc 1446, 962

Abbreviations: vs, very strong; s, strong.

The potential was cycled between — 0.2 Vand 0.9 V
with a sweep rate of 50 and 1 mV s~

RESULTS AND DISCUSSION

Surface applied [Co(cyclam)Rdtc](ClO,), com-
plexes contain a macrocyclic ligand cyclam and biden-
tate dithiocarbamates with oxygen (heteroatom) or
methyl group as substituent in the piperidine ring, as is
shown in table.

Cyclic voltammetry (CV) of Pt electrode decorated
with Co(I1I) complex in 0.5 M H,SO, shows that cov-
erage of the Pt surface depends on the complex struc-
ture i.e. nature of dithiocarbamato ligand. The ad-
sorbed complex decreases charge in hydrogen adsorp-
tion/desorption region (Fig. 1) in order of Rdtc ligand:
Morphdtc > Pipdtc > 4-Mepipdtc

The activity of Pt surfaces with adsorbed complex
for the reaction of formic acid oxidation becomes

i, mA
0.02
0 -
-0.02F
-0.04 L L .
0 0.8 1.2
E, V (vs SCE)

Fig. 1. Cyclic voltammograms of (/) Pt and (2—4) Pt/[Co(Rdtc)cyclam](ClOy), in 0.5 M H,SO, (sweep rate 50 mV/s, complex
adsorbed from 1074 M solution); R = (2) Morphdtc, (3) Pipdtc, (4) 4 = Mepipdtc.
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E, V (vs SCE)
04 —9—1
—_—k—2
—A—3 z
—m—4 AF

0.2

3 2 1

Fig. 2. Tafel plots for the oxidation of 0.5 M HCOOH in
0.5 M H,SO4 on Pt and Pt decorated with [Co(Rdtc)cy-
clam](ClOy), complexes (sweep rate 1 mV/s, complex ad-
sorbed from 10~ M solution); 7—4see Fig. 1.

higher than untreated one. The degree of activity im-
provement depends also in the same order established
(Fig. 2). As cited from previous investigations [8],
strong dependence of the activity of mixed catalysts is
based on Pt structure of organic complexes for oxida-
tion of methanol.

Influence of the complex concentration leads to
the multiple raise in activity with the adsorption from
the concentrated solutions. However increase with
time of adsorption (30, 60 or 90 s) from the same solu-
tion resulted in moderate activity increase. Higher ad-
sorption of the complex at 10~ M during 60 or 90 s,
results in negligible difference in activity of Pt elec-
trode. These results correspond to earlier findings
from which Pt:Co(complex) ratio influences the activ-
ity of the catalyst composed of Pt mixed with Co com-
pound [6].

The effect of the complexes on catalytic activity is
certainly related to structural changes of Pt surface
due to adsorption of complex ion. In favor to this as-
sumption speaks the fact that the enhanced activity is
related to the morphology of Pt surface (Fig. 3). Elec-
trochemical oxidation of formic acid at platinum elec-
trode follows the dual path mechanism [15] involving
a reactive intermediate (main path — dehydrogena-
tion) and adsorbed CO as a poisoning species (parallel
path — dehydratation), well known as the structural
sensitive reaction [16—19]. This structural sensitivity is
based on the influence of surface structure on poison-
ing capabilities.

The most active plane Pt (111) shows negligible
poisoning over the entire potential region where the

XKYPHAJl ®U3NYECKON XUMUUN
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reaction occurs. Introduction of monoatomic steps in
a flat (111) structure, leads to formation of stepped or
high index single crystals, decreases its activity by in-
creasing of CO,,4 coverage mostly on the step sites.
Consequently, the surfaces with the highest step densi-
ties, i.e. with the smallest terrace length, have the low-
est activity [20, 21]. Structural properties of Pt sup-
posed to reflect in hydrogen adsorption/desorption re-
gion on CVs of Pt in basic electrolyte. Thus, for
polycrystalline Pt (Fig. 1), cathodic peak in this region
for weakly bonded hydrogen (Pw) features (110) crys-
tal face, middle peak for medium bonded hydrogen
(Pm) features (111) face and anodic peak for strongly
bonded hydrogen (Ps) features (100) crystal plane
[22]. Recently, it has been shown that structural prop-
erties of Pt monocrystalline electrodes significantly
depend on the preparation procedure [23]. Whether or
not the procedure involves potential cycling, especial-
ly the positive potential limits have a great impact on
the surface morphology and activity. Our results, pre-
sented in Fig. 3 show that activity of polycrystalline Pt
for the oxidation of formic acid significantly depends
on the limits applied during potential cycling in prep-
aration procedure. Voltammetric profile obtained by
cycling the potential up to 0.2 V revels characteristics
of (111) plane (Fig. 3a). Increasing the potential to
more anodic values, 0.6 V and 1.2 V (Figs. 3b and 3c)
results in appearance of the peaks in hydrogen region
for weakly and strongly bonded hydrogen, respectively.
The activity of Pt is decreased probably due to intro-
duction of step sites with low reactivity of CO induced
by its significantly higher adsorption energy compared
to CO on the terrace [24].

IRAS (Infra Red Adsorption Spectroscopy) dem-
onstrates active sites for the oxidation of CO adsorp-
tion layer on Pt of either (110) or (100) orientation
[25]. Adsorption of complex ion at Pt surface treated
by cycling the potential between — 0.2 and 1.2V, Fig. 1
and Fig. 3c, mostly decreases peak highs for strongly
and weakly bonded hydrogen that features (110) and
(100) facets. The largest influence exhibits [Co(Mor-
phdtc)cyclam]?* complex in which presence the activ-
ity of the electrode for formic acid oxidation increases
in highest degree. Analyzing Fig. 3 revels that the less
the peaks for strongly bonded hydrogen are build up
(Figs. 3b and 3a) the coverage of the Pt surface with
adsorbed complex ion is lower as well as an increase of
activity due to Co complex ion. Therefore, it can be
assumed that the influence of the [Co(Rdtc)cyclam]**
complexes on the Pt activity for formic acid oxidation
is due to its adsorption on step sites on the surface that
prevents adsorption of CO and decrease the poisoning
capabilities of the electrode surface. However, this as-
sumption does not exclude other possible influences of
the complex as discussed by Okada and coworkers|8§].

As already stated, the increase in activity depends
on nature of heterocyclic S,S'-ligand. This may well be
enlighten with correlation of spectroscopic IR and
NMR results of the [Co(Rdtc)cyclam](Cl10O,), com-
2009
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E,V (vs SCE)
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Fig. 3. Tafel plots for the oxidation of 0.5 M HCOOH in 0.5 M H,SO, on differently prepared polycrysta]lme Pt surfaces (/) with-
out and (2) with adsorbed [Co(Morphdtc)cyclam](ClO4)2 (sweep rate 1 mV/s, complex adsorbed from 10~4 M solution). Inserts:
CVs of Pt and Pt/[Co(Morphdtc)cyclam](ClOy), in 0.5 M H,SO4 (sweep rate 50 mV/s, complex adsorbed from 10~ —M solution)
cycled in different potential regions; change from —0.2 Vt0 0.2 V (a), 0.6 V (b) and 1.2 V (¢).
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plexes [5, 6]. Shift in frequencies of partially delocal-
ized >C-=--N bond in IR spectra of the ligating >N CS,
group (table) is due to positive inductive effect of me-
thyl group in 4-Mepipdtc where v(C—-:N) bond is lo-
cated to lower energies. Heteroatom, on the other side
in Morphdtc, influences the delocalized bond because
of the ability to release electrons, which gives higher
electron density on the >NCS, group and shifts the
v(C==:N) bond to higher energies. Activity of the ex-
amined Pt electrodes decorated with Co complexes
could be controlled by electrostatic as well as hydro-
phobic interaction between the surface and the com-
plex ion [26]. The main characteristics of binding of
the Rdtc ligands as shown in table, do not vary dramat-
ically from complex to complex, but an important dif-
ference being that relatively high complex symmetry
decrease in order with Morphdtc > Pipdtc > 4-Mepip-
dtc, taking in account IR and NMR data. Accordingly
to this order, the complexes are distinctively more mo-
bile, causing chemical interactions occur on the sur-
face with appreciable speed and enhanced selectivity.
This approach opens up further intriguing prospects
for future studies.

CONCLUSSION

Pt with adsorbed [Co(Rdtc)cyclam]** complex ion
exhibits enhanced catalytic activity for formic acid ox-
idation in comparison with pure polycrystalline Pt.
The increase in activity depends on the structure of the
complex applied and nature of Rdtc ligand in the order
of Morphdtc > Pipdtc > 4-Mepipdtc.

Based on the correlation parameters between spec-
troscopy data and results obtained from oxidation of
formic acid at the Pt surfaces exposed to Co complexes
it can be proposed that the effect of the complexes on
catalytic activity is reliable on structural changes of Pt
stepped site surfaces due to efficient adsorption of
complex ion.
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Abstract — The iodine(+1) reduction by hydrogen peroxide is catalyzed by different buffers and its rate is a
complicated function of the acidity and of the iodide concentration. The seemingly inconsistent published
experimental results are reanalyzed and a new kinetic model is proposed. A key step is the catalysis by the
buffers of the formation of the intermediate compound IOOH. This model reconciles the previous works.

INTRODUCTION

Although the reduction of iodine(+1) by hydrogen
peroxide has been studied during more than eighty
years, there is no consensus in the literature about its
kinetics. The first investigations [1—3] dealt with the
catalytic decomposition of hydrogen peroxide by io-
dine. The following mechanism was postulated in
neutral or dilute acidic solutions:

I, + H,0 == IOH + I~ + H*, 1)
L+ =1, )

IOH == [0~ + H*, 3)

10~ + H,0, — I + H,0 + 0, @)
I + H,0, — 10~ +H,0. )

In more acidic solutions, the mechanism includes also
reactions
IOH + H,0, — I~ + H* + H,0 + O,, (6)
I~ + H* + H,0, — IOH + H,0. 7
The sum of reactions (4) and (5) or (6) and (7) gives
the decomposition
2H202 - 2H20 + 02. (8)
The reduction of iodine(+1) by hydrogen peroxide is
also important as a part of the Bray—Liebhafsky oscil-
lating reaction, that is the decomposition (8) catalyzed
by iodate and iodine in acidic solutions [4—9]. This
decomposition is the result of the global reactions

2107 +2H* + 5H,0, — 1, + 50, + 6H,0, (9)

I, + 5SH,0, — 2105 +2H* +4H,0.  (10)

In reaction (9), hydrogen peroxide acts as a reducing
agent but its direct reaction with iodate is much too
slow to explain the observed rates. The mechanism is
complicated and the reducing action of hydrogen per-
oxide is mainly the result of reaction (6). Liebhafsky
[3, 10] and Furrow [11] have tried to isolate this reac-
tion and to measure its rate constant but their values
differ by a factor ten.

A third group of investigations deals with the im-
portance of the iodine(+1) reduction by hydrogen

peroxide in analyzing the iodine behavior after a nu-
clear reactor accident. '3'I is one of the most toxic fis-
sion products that would be released in the atmosphere
and the behavior of iodine has been the subject of ex-
tensive studies for the nuclear industry [12—16]. An
important part of these studies were devoted to the io-
dine reactions in solution controlling the distribution
of iodine between volatile compounds (I, and organic
compounds) and non-volatile compounds (mainly 1~
and 10; ). Hydrogen peroxide being one of the prod-
ucts of the water radiolysis, the reactions of iodine(+1)
with hydrogen peroxide producing iodide or iodate are
important processes that would influence the release
of T in the atmosphere. The present state of our
knowledge about the reduction of iodine(+1) by hy-
drogen peroxide is mainly the result of the works of
Liebhafsky [2, 3], of Shiraishi et al. [12, 13] and of Ball
and Hnatiw [16, 17].

Liebhafsky (1932) has studied the catalytic decom-
position (8) in an acetate buffers between pH 4 and 6
and in a phosphate buffers between pH 6 and 8 [2]. He
has concluded that, under his experimental condi-
tions, the rate of iodide oxidation (5) is nearly equal to
the rate of the iodine(+1) reduction (4). From the ob-
served rates of hydrogen peroxide decomposition and
the well-known rate constant ks [ 18], he has calculated
ky =6 x 10° mol~' dm? s~!. The obtained values were
independent on the acidity, the nature of the buffer
and the iodide concentration. In another work [3] he
has measured the rate of oxygen production by reac-
tion (4) far from the steady state and has obtained ky=
= 3.3 x 10° mol™! dm?® s7! in satisfactory agreement
with the above value. Both works suggest that the rate
is proportional to [IO7] and is independent on the
acidity, the phosphate concentration and the iodide
concentration. It is this simplicity that led Liebhafsky
to think that (4) was the rate determining step but fur-
ther measurements have shown that it was an illusion.

Shiraishi et al. (1991) have discovered that phos-
phate buffers catalyze the iodine(+1) reduction by hy-
drogen peroxide while citrate buffers do not [12]. For
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this reason they have performed a new kinetic study in
a citrate buffer between pH 5.5 and 7 [13] and found a
new term in the rate law, proportional to [I7]. To ex-
plain this term, they have added reactions

IOH + I" = 1,0H", (11)
[LOH™ + H,0, — 2"+ H* + H,0+ 0, (12)
to the mechanism proposed by Liehhafsky. Their value

ky="7x 10" mol~! dm3s~! is much lower than Liebhaf-
sky value.

Ball and Hnatiw (2001) [16] have observed devia-
tions from the rate law of Shiraishi et al. and have de-
cided to perform a more complete kinetic study as a
function of acid, hydrogen peroxide, iodide and buffer
concentration in three different buffers [17]. On the
basis of this very important experimental work they
have proposed the mechanism including (11) and re-
actions:

ILOH™ + H,0, == I~ + IOOH + H,0, (13)
IOOH + OH™ — I+ H,0 + O,, (14)
IOOH + B-— I+ BH + O,, (15)

where B~ denotes the anion of the buffer. This mecha-
nism explains their experimental results but we will see
that it is inconsistent with the former works. We can re-
ject proposed mechanisms but we cannot ignore exper-
imental results without a good reason. Thus, we have
analyzed the published rate measurements, found that
they are compatible and that a modification of the Ball
and Hnatiw mechanism can explain them all.

ANALYSIS OF THE EXPERIMENTAL RESULTS

The observed evolutions of the iodine concentra-
tion discussed in this work are the result of two reac-
tions, the reduction of iodine(+1) by hydrogen perox-
ide and the oxidation of iodide to iodine by reaction
(5). Denoting by [I,], the total iodine(+1) concentra-

tion, [L,], = [L,] + [15 ] + [1O7] + [IOH] + [[,OH"],
and by k. [I,], the global rate of iodine(+1) reduc-
tion, the expression of the observed rates is (16) where
rs = ks[171[H,0,]:

—d[L]/dt = kops[ 1o} — 7s. (16)
During the reduction of iodine(+1), kg, [1,]; decreases
and rs increases until kg [I,]; = #5. Then, the system

has reached the steady state of the catalytic decompo-
sition studied by Liebhafsky.

The different authors have presented their experi-
mental results differently and in order to compare
them it is necessary to choose a common presentation.
For this reason, we define the following new function
Z (mol?> dm~¢ s71). Its values can be calculated using
the information published by the different authors and
we will see that its variations with the experimental
conditions gives a convenient representation of the ef-
fects discussed in this work:

XKYPHAJI ®U3UUYECKON XUMUU
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_ +.2
7 = U_][H_L[I_sz x 10",
[H,0,] [L,]"*

Under the conditions of all the works discussed here
the reactions (1)—(3) are quasi at equilibrium and the
concentrations [IO~] and [I,OH~] can be neglected in

the iodine mass balance. This gives the following rela-
tions:

HOHIITI[HY] = Ki[L], [I5]=KILI[I],
[107][H*] = K;5[10H],
o] = [1,] (1 + K[I7] + K,/[T7][H*]).
The mechanism proposed by Liebhafsky assumes that
ks [Lly = K[IO7][H,0%] where [IO7] =
= K, K;[L)/[I7][H*]2. If so, these expressions intro-
duced in the definition of Z would give Z = k,K;K; x
x 10'4. However, the experimental values of Z are not
constant. The effects of the buffers, the acidity and the

iodide concentration on the Z values show the kinetic
complications revealed by further works.

Kinetics in citrate buffers

Shiraishi et al. as well as Ball and Hnatiw have con-
cluded that citrate buffers do not catalyze significantly
the iodine(+1) reduction by hydrogen peroxide. On
the other hand, Shiraishi et al. have observed a marked
effect of the iodide ions, not observed by Ball and
Hnatiw. The values given in their figures allow the cal-
culation of Z and lead to

Z=0.2+ 1.8 x 103[H*][I7]. a7

A careful analysis of the results of Ball and Hnatiw
reveals why they have not observed this effect: in the
rate expression (16) d|l,],/dt is proportional to [I,];
only if 5 can be neglected. Shiraishi et al. have ana-
lyzed their results using the complete expression (16)
but Ball and Hnatiw have calculated k,, assuming a
simple first order rate law. This approximation was
correct for nearly all their measurements but not for
their study of the [I~] effect in citrate buffers. At high
iodide concentrations the ry term is important and
their &, values are too low. They did not publish the
details of their measurements but the available infor-
mation suggests that their values corrected for the 7
term would be similar to Shiraishi et al. values.

Kinetics in phosphate buffers

Ball and Hnatiw have measured k., between pH
6.2 and 7.7 with phosphate total concentrations equal
to 0.02 or 0.05 mol dm—3 and iodide concentrations
equal to 5 x 10~*or 1 x 103 mol dm—3. Figure 1 shows the
increase of their reaction rates with [H*][B~]. Todide has
a much smaller effect than the buffer. Figure 1 shows also
the Z values calculated from the Liebhafsky measure-
ments between pH 5.8 and 7.2 in 0.2 mol dm~> phos-
phate buffer with [I-] between 0.001 and 0.1 mol dm™.
The scatter is important but these values are in qualita-
Ne 9
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tive agreement with Ball values. They are higher be-
cause the phosphate buffer concentration is higher
and they seem independent on [I~]. Liebhafsky mea-
surements suggest that Z reaches a limiting value at
high buffers concentrations. For comparison, Figure 1
shows also the Z value calculated from the measure-
ments by Shiraishi et al. for the reaction not catalyzed
without effect of iodide (Z = 0.2 mol> dm° s7'). The
experimental results of these different works are in
good agreement and the kinetic model must explain
them all.

Kinetics in barbital buffers

Most of the Ball and Hnatiw results were obtained
in barbital buffers. The authors have explained the
observed effects of the buffer and of the iodide con-
centrations by the mechanism (13)—(15) giving the
rate law

kons[ 1], = k15[ 1,OH ][H,0,] x

ki, JOH ] +ks[B ] )
k[T ]+ ky[OH ]+ ks[B ]

With the quasi-equilibrium (11) and K, = [H*][OH"] =
= 1074, the corresponding expression of Z is

Z:
o (8
_ kK Ky x 10T [H ] (k 14K, + kis[BT][H'])

k_p[U1[H ]+ k4K, + ks[BT][H']
This expression can be fitted to the author’s experi-
mental values but is inconsistent with the other works.
In citrate buffers the catalytic term k5[ B"][H"] can be
neglected, the rate constants obtained by Ball and
Hnatiw give k4K, /k_;; = 2 x 10->mol®> dm~® and the
expression of Z reduces to

Z = KK Ky kW [UTTH /(U I[HT ]+ 2% 107%),

The range of [I7][H*] valuesis 5 x 10~ to 6 x 10~ for
the Ball and Hnatiw experiments and 5 x 107! to 8 x
10~° for the Shiraishi et al. experiments. In both cases
[I7][H*] is larger than 2 x 1072 and Z should be inde-
pendent on [IT][H*]. This is in contradiction with
Shiraishi et al. results and also with Ball and Hnatiw
ks Values if they are corrected for the effect of reac-
tion (5) as indicated above. The expression (18) is also
inconsistent with the results of Liebhafsky in phos-
phate and acetate buffers. The experimental Z values
at high acetate or phosphate concentrations shown in
Fig. 1 are independent on [I~]. However, the expression
(18) predicts the opposite: when the term k5[ B~][H™]
becomes so large that Z becomes independent on the
buffer concentration, Z should become proportional
to [I"][H*]. Liebhafsky has mentioned in a footnote
([2], p. 1798) results obtained at a lower phosphate
concentration showing “a positive trend with increas-
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Fig. 1. Comparison of the Z values obtained by different
authors. Values calculated from Ball and Hnatiw measure-
ments in phosphate buffers (/) 0.02 M and (2) 0.05 M [17]
and from Liebhafsky measurements in phosphate buffers
(3)0.20 M [2] or (4) [3]; (5) value for the non-catalyzed re-
action [13].

ing [17]”. Unfortunately he has discarded these results
but this footnote confirms that the effect of [I7] on Z
decreases when the buffer concentration increases. In
summary, Ball and Hnatiw mechanism is inconsistent
with Shiraishi et al. measurements, with Ball and
Hnatiw k, values in citrate buffers corrected for the
effect of reaction (5) and with Liebhafsky measure-
ments.

PROPOSED MECHANISM

The above contradictions can be resolved consider-
ing the following mechanism where reactions (3) and
(11) are quasi at equilibrium.

IOH == 10~ + H", )

IOH + I- == L,OH", (11)

10~ + H,0, == IOOH + OH", (19)

IOH + B~ + H,0, == [OOH + BH + OH-, (20)
LOH™ + H,0,==100H + I + H,0,  (13)
IOOH + OH™ === I + H,0 + 0,, (14)
I0H + H,0, == I0OOH + H,0. 1)

This mechanism is similar to the one proposed by Ball
and Hnatiw but the catalysis of the IOOH decomposi-
tion (15) is replaced with the catalysis of its formation
(20). The non-catalyzed reaction (21) can be neglect-
ed under the experimental conditions of the studies
discussed here but is probably important in non-buff-
ered acidic solutions. The reactions (19), (20) and (13)
are kinetically equivalent to the catalysis of (21) by
OH~, B~ and I~ respectively. This mechanism gives the
rate law:

kops[15], = k14[H,0,] x
o« KiolO 1+ ky[IOH][B | +k;5[1,0H ]
kiy+k_19+k [BH] +k¥13[l_][H+]/Kw
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Fig. 2. Companson of the calculated Z Values (lines) with experimental values in barbital buffers [17]; @) [I7]=5x% 1074 , [Barbltal] =

(D1x1072,(2) 5% 1073

The rate constants are related by the condition of in-
ternal consistency of reaction mechanisms [19]. As
(11) + (13) = (21) we must have K;K;; = K, or
K ki3/k_i; = K,;. Similar relations for reactions (19)
and (20) give

by _ Kok _ Kokn
k 13 Kwk—l9 Kwk—ZO
where Kz = [H*][B~]/[HB]. These relations intro-
duced in the rate law lead to

Z = 10"k K, K, K, x

Ky = Kyy— (22)

kioK; + kK [U[H ]+ ky[B J[H'] (23

k14K Ky + koK + kK [T][H ]+ kzo[B_][H+]
Let us show firstly that this expression is in qualitative
agreement with the experimental results if k4K, K, is
much larger than koK + k3K, [I7][H*] giving the ap-
proximate expression
Z~ k4K K, %

(24)

o KoK + ki K ([1T][H'] + kzo[B_][H+]_
k14 Ky K, + kyy[B"1[H"]

In citrate buffers the catalytic term ko[ B~][H*] can be
neglected and this expression reduces to Z = K, (k,oK; +
+ k3K [17][H*])/K,, in accordance with equation (17)
obtained by Shiraishi et al. The expression (24) ex-
plains also the maximum value of Z observed by Lieb-
hafsky in concentrated buffers. When k,[B~][H*] is
very large Z approaches k4K, K; and [I7] has no effect.
When k,,[B~][H*] is smaller, the term k;K;;[I7][H*]
explains the small effect of [I~] observed. Thus, the
simplified equation (24) explains qualitatively all the

observations. To show that the agreement is also quan-
titative, we have estimated the rate constants using the

XKYPHAJI ®U3NYECKON XUMHU

and(3)25><10_ M; (b) [Barbital] = 5 x 1073 M, I (l)1><10 M, (2)5x10™

4and (3)2.5x 1074 M.

complete equation (23). For numerical reasons, this was
performed in two steps. A first analysis of all the different

works shows that k,,K;,K; must be about 4 s~'. Then,
keeping this value, the adjustment of the other rate con-
stants to Shiraishi et al. results gives k,oK;K; =2 x 1071,
k3K K, = 2.3 x 10~° and k,, very small, as expected in
citrate buffers. The adjustment to Ball and Hnatiw re-
sults in barbital buffers gives k;oK;K; = 1.1 x 10715,
k3K K, = 2.8 x 107°, in fair agreement with Shiraishi
et al. values, and k,K; =9 x 1076. These values depend
somewhat on the chosen Ky value and we have used
pKg = 7.5 for 0.2 mol dm™3 ionic strength. Figure 2

shows the agreement between the experimental and
calculated values.

The rate constants of the steps (13), (14) and (19)
can be estimated as follow. The equilibrium constants
K =53x107"3 K3 =23 x 10" and K}, = 320 are
well known at zero ionic strength [20]. The values of
[H*] given by Shiraishi and by Ball are actually those
of 10" or g . and a correction for the ionic strength
must be applied only to the monovalent negative ions.
With a value 0.8 for their activity coefficients, k3K, K| =
=2.8 x 1076 gives k;3 = 1.3 x 10* mol dm~3 s~! and
kioK3K, = 1.1 x 10715 gives k;g = 5.8 x 107 mol dm~3 s~
The rate constants in the backward directions could be

calculated using the relations (22) if the equilibrium
constant K,; was known. It is not but some indirect es-

timation can be obtained. From k4K K, = 4 s™! we
calculate k4K, = 6 x 10'2 and note that k4 cannot be

larger than about 5 x 10°, the value for a diffusion con-
trolled reaction. As a consequence, K,, must be larger
than 10%. On the other hand, a too large value of K,
2009
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would imply an unobserved large value of [IOOH] and
the value of K, is probably between 103 and 10%.

CONCLUSIONS

Liebhafsky had used two different experimental
methods in different acetate and phosphate buffers
and had obtained about the same value of Z. This let
him to conclude logically that reaction (4) was the rate
determining step. Actually, he had observed a special
kind of homogeneous catalysis, a catalytic reaction
whose rate can be independent on the nature and on
the concentration of the catalyst. The proposed mech-
anism explains Liebhafsky results: when the action of
the buffer is very effective, reaction (20) is quasi at
equilibrium and the rate determining step is (14). We
have shown that in this case Zis close to k4K, K, in-
dependent on [B7] and also on K. The work of Lieb-
hafsky is instructive for another reason: it shows that
we can never discard experimental results just because
they seem abnormal. Liebhafsky had observed that at
low phosphate concentrations the values of Z were
lower but had discarded these results because they
seemed abnormal. Actually, they were the most infor-
mative results revealing the complication of the kinet-
ics of the iodine(+1) reduction by hydrogen peroxide.
It is only sixty years later that Shiraishi et al. have dis-
covered the catalytic effect of the buffers and the com-
plicated effect of the iodide concentration. Recently,
Ball and Hnatiw have measured more precisely these
effects but their mechanism does not explain all the
former observations. The mechanism we propose ex-
plains all the well established experimental facts but we
do not pretend that this is the end of the story.
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Abstract — All gas-phase iodine laser (AGIL) powered by the decomposition of nitrogen trichloride (NCl;)
is studied. This reaction scheme uses commonly available reagents and reaction paths are milder than the pre-
viously studied azide-based AGIL. Theoretical studies revealed the necessary operational conditions for
achievin% positive gain. An apparatus is made based on the results of the theoretical works. Positive gain at

iodine I(

INTRODUCTION

The chemical oxygen-iodine laser (COIL) isa con-
tinuous-wave, near-infrared chemical laser. It offers
excellent properties for applications that require high-
power laser output from a mobile platform. The best-
known example of a COIL system may be the “Air-
borne Laser” ballistic missile defense weapon sys-
tem[1], which uses a multi-megawatt laser with good
beam quality. For very-high-power applications,
chemical lasers are still advantageous over solid-state
and fiber lasers, in terms of its scalability and beam
quality. Therefore, intensive studies are being con-
ducted not only in the U. S., but also in other coun-
tries, including Japan. A typical COIL depends on the
energy transfer from singlet oxygen O,(!A) to the io-
dine atom, which is the lasing species. The O,('A) is
typically generated by the following chemical reac-
tion:

H,0, + 2KOH + Cl, — 2H,0 + 2KCI + O,('A). (1)

This reaction illustrates an inherent drawback for
the mobile laser systems: the reactant, basic hydrogen
peroxide (BHP) aqueous solution is bulky to carry and
it decomposes over time, which limits both long-term
storage of BHP and applications in remote places.

Because iodine is an ideal for the lasing species, sci-
entists have sought an alternative donor that is com-
patible with singlet oxygen but does not depend on wet
chemistry. In 2000, Henshaw et al. succeeded in oper-
ating an all-gas-phase iodine laser (AGIL)|2]. The en-
ergy donor of AGIL is an excited NCI molecule in the
singlet state. Generating NCI('A) is achieved by the
following chain of gas-phase reactions:

F + DCl — DF + Cl, ()
Cl+ HN; — HCl + N;, (3)
Cl + N; — NCI('A) + N,. %)

Py 2)—1(*P3,) transition is observed for the first time.

While this reaction avoids BHP, it still requires
highly toxic and explosive hydrogen azide, highly cor-
rosive fluorine, and expensive DCL. In search of a
more friendly reaction, Exton et al. demonstrated that
decomposition of nitrogen trichloride (NCl;) produc-
es NCI('A) with high yield by the following reactions,

NCl; + H — NCI, + HCl, (5)
NCl, + H —= NCI('A) + HCI, (6)

and this could be used as an energy source of the AG-
IL[3]. To distinguish this concept from the previously
demonstrated AGIL, the former is often called
“azide- AGIL”, and the later is called “amine-AGIL”’.
Since then, studies have conducted in line of this
scheme, and in 1993, energy transfer from the chemi-
cally generated NCl; to the iodine atom is demon-
strated[4]. In 2005, breaching-out of the absorption
loss at the I(P,;,)—I(*P3),) transition is reported by
Bauer et al.[5]. Nevertheless, positive gain at this tran-
sition has not been reported yet to date.

THEORETICAL

We have started the study of amine-AGIL with the
numerical simulations. Based on the successful
CFD/chemistry hybrid simulation|6], we modeled the
chemical reaction of amine-AGIL by a one-dimen-
sional multiple leaky-streamtube model. Figure 1 il-
lustrates the description of the model. The flow field is
divided into » stream tubes of primary flow layers, and
second, third, fourth flow layers those contain differ-
ent species. The main-flow direction is defined as x
and the perpendicular axis is defined as y. The flows of
adjacent layers are not mixed until the predefined in-
jector position is reached. Downstream of the each in-
jector, diffusive mixing of adjacent layers is assumed. A
rooftop optical resonator is placed where the interac-
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Fig. 1. Schematic drawing of the one-dimensional, multiple leaky-stream-tube kinetics model.

tion of iodine atoms and photon flux is calculated.
Since top and bottom boundaries are assumed to be
symmetric, layer 0 represents the center of the duct,
while the boundary of (n + 2)th layer represents the
top and bottom walls of the flow duct if a wall injection
scheme is assumed.

The partial differential equation governing the flow
field is as follows:

OM'(x,9,1) _

2Ll = N Ty, 01 M,y )M (5, y. 0 +
14

+ 3 G Tt y, DM (x, 3, NMO(x, y, () M*(x, 3, 1) -
h @)

- a_f?x {M'(x,y, N H(x) v(x)}/ H(x) -

B DQGZMi(x;y, H 56”/:("’ t)‘
oy ot

Here, Mi(x, y, 1) is the number density of the ith spe-
cies [1/cm?], C;[ T] is the rate constant of the gth re-

action of 2nd order [cm?/s], Cf,[ T1] is the rate constant

of the Ath reaction of 3rd order [cm®/s], T is the gas
temperature [K], H(x) is the height of the duct [cm],
v(x) is the gas velocity at position x [cm/s], D, is the
artificial diffusion constant, and n, is the photon den-
sity [1/cm?]. 8 = —1 if i represents the upper state of
the iodine atom, 6 = 1 if / represents the ground state
of the iodine atom, and & = 0 for the other cases.

Ne 9
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The differential equation is discretized by the up-
wind finite difference method. The upstream bound-
ary condition is given by the set of equations,

M0, 1) = M,. (8)

The difference equation is explicitly integrated in the
time domain with first-order accuracy. The rate equa-
tion set used in this work is not shown here, but readers
would find the complete description of the model in
[7]. The numbered reaction constants hereafter is in
consistent with those appears in [7].

Soon after the initial calculations, we realized there
are two key factors of the amine-AGIL reaction sys-
tem that strongly affects the small signal gain. The pri-
mary one is the self annihilation reactions of NCI('A).
Unlike the O,('A), the reaction constants of self anni-
hilation reactions

NCI('A) + NCI('A) products )
are on the order of 107" cm?/s. Since the reaction oc-
curs at the rate of [NCI('A)]?, local high concentration
of NCI('A) should be avoided. The second important
factor is the Cl atom accumulation. Cl atom is inher-
ently generated as a by-product of amine-AGIL reac-
tion system, for example, by

NCI('A) + NCI('A) _**, N, + 2Cl, (10)
where ky is 7.02 x 10712 cm?®/s. Since it is a strong
quencher of the I* as

I*+ Cl I+ Cl, Y

where kg is 1.5 x 107! ¢cm?/s, the accumulation of Cl
atom affects the laser performance considerably. We
found that changing the order of injectors is effective
for both avoiding local high concentration of NCI('A)

ka6, k27, ks

kao

—_—
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Conventional H; + He
HI NCl; + Ar
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L JL J
Mixing tube Gain section

Fig. 2. Comparison of the injector arrangements. Conven-
tional: Ref. [5], New: this work, MW: microwave.

and rapid gain build-up before accumulation of CI at-
om. Figure 2 shows the comparison of the injector ar-
rangements. The “Conventional” arrangement was
that of the first amine-AGIL setup[5]. We changed the
order so that the NCI; is contained in the main flow,
and HI is injected at the same position as H atoms.

Figure 3 shows the NCI('A) concentration con-
tours in the flow field with the conventional arrange-
ment and the new arrangement. It is seen that NCI(!A)
is generated locally and in a high density when con-
ventional arrangement is used. On the other hand, the
concentration of NCI(!A) is more uniformly distribut-
ed when the new arrangement is used. Figure 4 shows
the concentrations of Cl atom and population inver-
sion, namely, AN = [I*]—(1/2)[]], with the conven-
tional arrangement and the new arrangement.

Population inversion is directly connected to the
small signal gain g, of the laser medium as

Distance, m
0.10

ENDO et al.

8 = CAN, (12)

where o is the stimulated emission cross section, and
therefore the most important parameter of any laser.
The factor 1/2 applied to the ground state [I] comes
from the quantum state degeneracy of the iodine at-
om. It is seen that the inversion evolution of the new
arrangement is much faster than that of the conven-
tional case, and its peak is reached before Cl atom ac-
cumulation. Therefore, I* suffers less deactivation by
Cl atom. As a result, a higher peak population inver-
sion (and gain) by a factor of two is seen in this figure.

Also, flow rates of the species, operating pressure,
and the position of the optical axis are the parameters
to be optimized. Numerical model was useful to find
an optimum set from the vast parameter space. After a
numerous runs of various boundary conditions, we
found a recommended operational condition of the
amine-AGIL as table.

EXPERIMENTAL

Figure 5 shows the schematic drawing of the exper-
imental setup. Amine-AGIL is composed of a simple
mixing tube and a flow duct equipped with transparent
windows. The mixing tube is made of a 25.4 mm Pyrex
glass tube. Three injectors are devised as branches,
namely, a 12.7 mm NCI; injector carried by Ar, a
12.7 mm H atom injector passing through a micro-
wave resonator, and a 6.35mm HI tube. H atom
branch is made of silica glass for better thermal 