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Infrared spectroscopy of acetone—water liquid mixtures.
[I. Molecular model
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In aqueous acetone solutions, the strong bathochromic shifts observed on the OH and CO stretch
infrared (IR) bands are due to hydrogen bonds between these groups. These shifts were evaluated
by factor analysigFA) that separated the band components from which five water and five acetone
principal factors were retrieveld. Chem. Phys119 5632 (2003]. However, these factors were
abstract making them difficult to interpret. To render them real an organization model of molecules
is here developed whose abundances are compared to the experimental ones. The model considers
that the molecules are randomly organized limited by the hydrogen bond network formed between
the water hydrogen atoms and the acetone or water oxygen atoms, indifferently. Because the oxygen
of water has two covalent hydrogen atoms which are hydrogen-bonded and may receive up to two
hydrogen atoms from neighbor molecules hydrogen-bonded to it, three types of water molecules are
found: OH,, OH;, and OH (covalent and hydrogen bonddn the OH stretch region these
molecules generate three absorption regimes composegl of;, and their satellites. The strength

of the H-bond given increases with the number of H-bonds accepted by the oxygen atom of the
water H-bond donor, producing nine water situations. Since FA cannot separate those species that
evolve concomitantly the nine water situations are regrouped into five factors, the abundance of
which compared exactly to that retrieved by FA. From the factors’ real spectra the OH stretch
absorption are simulated to, respectively, give for theand v, components the mean values for

OH,, 3608, 3508; OH, 3473, 3282 and OH 3391, 3223 cm’. The mean separations from the
gas-phase position which are respectively about 150, 330, and 40basmrelated to the vacancy

of the oxygen electron doublets: two, one, and zero, respectively. No acetone hydrate that sequesters
water molecules is formed. Similarly, acetone produces ten species, two of which evolve
concomitantly. Spectral similarities further reduce these to five principal IR factors, the abundance
of which compared adequately to the experimental results obtained from FA. The band assignment
of the five-acetone spectra is given. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1649936

I. INTRODUCTION Because FA cannot separate concomitant evolving spe-

. cies, the ten factors retrieved represent the minimum number
The molecular spectroscopic study of aqueous acetone

. . of species in the system. In order to determine the exact
presented in Paper (hereafter | showed that this system, L . . :
though apparently simple, is very compfethere, the ex- number of species in the solutions and interpret the different

perimental attenuated total reflectar@R-IR) spectra of IR faf:tors retrieved by FA, we evaluate the .mlxtures by con-
three series of solutions—low, intermediate, and high Wateﬁ'_der_'ng the Watt_ar and acetone molecules in a random orga-
contents—were reported. Factor analy@a) using spectral nization, constrained qnly by the hydrogen bonding between
windowing retrieved ten principal factoffive water and five ~the molecules: all labile hydrogen atoms are H-bonded to
acetong The ten factors evolving independently as a func-0xygen from either acetone or water. In this system, the wa-
tion of concentration must be considered separately to detefer molecules are twice H-bond donors and twice H-bond
mine the molecular organization of the mixture. This couldacceptors while the acetone molecules are only twice H-bond
not be done in Paper | because the ten principal factors reacceptors. The species distributions as a function of concen-
trieved did not represent pure specighfferent the ones tration are determined. After regrouping the species that
from the othersand the multiplying factor§MFs, related to  evolve concomitantly and whose spectra are differently per-
the species abundances or concentrajisrese abstract. turbed, the number of spectroscopically different species and
their abundances are determined. The resulting distributions
aCurrent address: Avensys, 247 rue Thibeau, Trois-Regi¢QC) G8T 6x9,  are compared with the MFs obtained from FA of the IR spec-
b)Canada. ) tra. This operation will ensure that the ten principal factors
Author to whom correspondence should be addressed. Also pareent  are exclusive the ones from the others and that their MFs are
de chimie-biologie, Universitdu Quéec aTrois-Rivieres, C.P. 500, Trois- . . .
Rivieres, QC GOA 5H7, Canada. Telephor®19 376-5052; Fax(g1g  real- This provides real spectra that are used to determine the
376-5084. Electronic mail: camillehapados@ugtr.ca molecular organization of the species.
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Il. THEORETICAL CONSIDERATIONS phase situation, the spectrum of liquid water is considerably
modified due to the formation of a hydrogen bond network.
From the lone molecule situatidigas phasg the hydrogen
Experimental spectra are obviously real. The first step irbonding in liquid water strongly red-shifts the O—H stretch
the FA procedure aimed to retrieve the principal factors nechand about 400 cit (or ~0.88 time$, accompanied by a
essary to describe the entire set of experimental spectra wagnsiderable increase in intensity. Breaking or weakening
reported in I. The principal spectra retrieved by FA by sepasome hydrogen bonds decreases the red shift and the
rating water and acetone absorptidfigs. 6 and 8 in)lare  intensity’ The liquid water OH red shift can be compared to
real spectra that are not necessarily exclusive one from thgat of the isotopic shift: Substituting D for H red-shifts the
others. In other words, these spectra are not spectra of opand by about 1000 cnt (or ~0.7 times, while substituting
thogonal species or factor¢The expression “orthogonal 180 for %0 shifts the band by about 200 ¢th(or ~0.94
spectra” cannot be used because the integral of the produgines.
of two real spectra is not zero, see Appendix . order to Although the OH groups act as H-bond donors, the OH
give a molecular interpretation to the isolated species, it isstretch band shifts considerably to higher frequendiesn
necessary to have spectra of orthogonal factors so that thﬁe pure water positic)nwhen the water oxygen does not
band assignments are unique. Therefore, a second step ggcept any H-bondleaving two free electron pairs on the
necessary to render them orthogonal and the MFs real. Abxygen atom In I, we concluded that the hydrogen bonds
though orthogonal factors are not necessary for FA to workaccepted by the water oxygen strongly weaken its two OH
they are necessary to interpret the results in terms of molecyalence bonds. This must be considered when analyzing the
lar organizations since orthogonalization generates real abuH stretch band displacements. Therefore, depending on the
dances and real spectra of pure species. number of hydrogen bonds accepted by the water molecules,
Simple procedures are not effective in obtaining thesghese can be divided into three types of water species—OH
orthogonal factors. Consequently, more elaborate procedur€sH,, and OH, (covalent and hydrogen bonds considéred
are needed. First, given the number of principal factors sepahat generate three absorption regirfies.
rated by FA, it is necessary to develop a predictive model  Since FA retrieved five principal water factors, the three
that consists of identifying the spectral characteristics of tthpeS of water Species must be further divided by Considering
different species. Note that these species are by definitiofhe situation of the next neighbors. A central water molecule
orthogonal species since they are exclusive one from the othghose two hydrogen atoms are hydrogen-bondeeing
ers. Using these orthogonal species, the expected(M6®  H-pond donors to the oxygen atoms of two neighboring
the equilibrium between thenare calculated. Since FA can- molecules that can either be water or acetone. Since the latter
not separate Species that evolve Concomitantly, their MF$i-bond acceptors a|ready accept one H-bond éf&tom the
must be added to form a single factor that can be comparegentral water molecu)e the oxygen of these molecules can
to the experimental one. From the obtained MFs’ distribu-accept one or two H-bonds, giving each of the three types of
tion, the spectra of the principal orthogonal factors are obwater species three subspeciék:1), (1,2, or (2,2), for a
tained from the set of experimental spectra and the wholgotal of nine water speciedable |). In this Table, the water
series of experimental MFs recalculateste Appendix B species are identified as to ey, along with their species
Finally, calculated and experimental MF series are comapbreviation HO' | ¥, wherei, which can be 0, 1, or 2, rep-
pared. When a close match between them is obtained, the R@sents the number of H-bondsceptedby the central mol-
procedure that gives real MFs and spectra of orthogonal facscule (HO) andj andk, which can be 1 or Zsince these

A. Factor analysis (FA): Orthogonalization procedure

tors is complete. molecules already accept one H-bond from the centp® H

molecule, thoseacceptedy its two H-bond acceptors mol-
B. Determination of the water and acetone species ecules. Figure 1 illustrates the scheme of water spegjes
and their abundances (H,0'12 in the ellips¢. This water molecule accepts one

. . . . . H-bond (from another water moleculeand gives two
In 1, factor analysis applied with spectral windowing on .
. ' ! H-bonds to surrounding water or acetone molecules. Four
aqueous acetone spectra yielded five water and five acetone =~ "~ . .
. . e combinations are possible. Acetone and water as H-bond ac-
principal spectra. These were identified in the OH ard @

stretch regions, respectively. The strong overlap between W&_eptors are inscribed in trapezoids and square boxes, respec-

ter v, and acetones prevented us from using the water e 0 TR SRR B B g the
deformation region. In the following, a detailed analysis of P 9 g

the perturbing factors acting on the two OH stretch modes of 210 008 o om e e e nto
water is presented. ' aly

H-bond acceptors, the oxygen of which can accept one or
1. Determination of the water species two H-bonds.

The different water species that can be separated by FA
were determined by considering the environmental factor- Calculation of the abundances
that influence the O—H stretching vibrations. The water O—H°! the different water species
stretch bands, which are due primarily to the vibration of the ~ To form an ideal solution with water, a solvent must
covalent bond formed by the hydrogen and oxygen atomsaccept H-bonds from water as easily as water itself. Since
are situated in the 3400 crhregion. Compared to the gas- acetone and water are completely miscible, we make the fol-
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TABLE I. Different water species in aqueous acetone.

Number of H-bonds Number of H-bonds
accepted by the O accepted by the ©

Number of H-bonds neighbor neighbor
accepted by the (O’ acceptor: water (O acceptor: water
central HOH or acetong or acetong Species symb8|
Species i (=0,10r2 j(=1or2 k(=1or2 H,0' I ¥
e 0 1 1 H,0°11
e, 0 1 2 H,00 12
e, 0 2 2 H,00 22
e, 1 1 1 HO!1?
es’ 1 1 2 HO 12
€ 1 2 2 H0!22
e; 2 1 1 HO0%11
eg 2 1 2 H0%12
€ 2 2 2 H,0%22

g from column 2;j andk from column 3 and 4, respectively.
Blllustrated in Fig. 1.

lowing hypothesis: Water and acetone oxygen atoms argxygen aton and Py and Po are the probabilities of
equivalent hydrogen bond acceptors. Such a postulate wafighbor H-bond acceptor oxygen atoms, either water or ac-
made to explain the methanol-water mixtutedfith this  etone, accepting and k H-bonds, respectively. Because of
postulate, the different water species abundances are calctire symmetry of water, the denominator in Ef). represents

lated from a probabilistic mixture of water and acetone mol-the only three different case§k) that can be separated,
ecules. The probabilityequivalent to the molar fractiorof  \which are(1,1), (1,2, and(2,2).

the nine water species in the water—acetone systaile ) Since the acetone and water oxygen atoms are equivalent
is obtained with in their ability to accept H-bonds from water, the oxygen
PoiPok atoms accepting H—bo_nds are distri_buted bereen water and
Ph.o.ik=Ph. o X—= > , (1)  acetone following their molar fraction, that is
2 2 POZ+ P01+ P01>< P02
Ph,o=xwXPo, 2

where Ph,o is the probability of the central water accepting

i H-bonds(that is to have 2-i lone pairs of electrons on its where Py is the probability of an oxygen atortirom ac-
etone or wateracceptingi H-bonds. To evaluat®, we
consider that for the central water molecule and its neighbors
there is noa priori reason for all three oxygen atoms'(O
wherei =0,1,2) to have the same probability. Consequently,
the equilibrium between the oxygen atoms and its equilib-
rium constant are subject to disproportionation, giving the
following relations:

A

(=0 +(-0O%)=2(-0Y, ()

[-O']?

oS- @

without and with disproportionation, the equilibrium con-
stant,Ko, will be equal or different than 4, respectively.

Although the idea that all labile hydrogen atoms will
form H-bonds when enough acceptors are present is still the
object of debaté,we consider it valid for the acetone—water
mixture in the whole concentration range. This is verified
below.

Letry be the ratio of the number of H-bond donors over
H-bond acceptors in the mixture. The case that represents an
excess H-bond acceptor situation is evaluated by 1. We
have

[H] Z[Hzo] Cw

r = = = = ,
FIG. 1. Two-dimensional representation of the four possible configurations H3,zx [0 2[Ac]+2[H,0] cactcy, Aw
of water speciegs (H,0%? in aqueous acetone, see Table I. (5)
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TABLE II. Distribution of the water species in aqueous acetone into principal factors.

Species Number of H- Principal factor Species
abbreviatiof bonds accepted proportion in

Species H,O' 1 ¥ =i+j=k Water typé Symbol one factor

e H,0011 2 OH,} Wy

e, H,0°012 3 OH, 1

ey H,0! 11 3 OH3] W2 Ko

e; H,0°22 4 OH, 1

€s H,0' 12 4 ng] Ws Ko

e, H,0?11 4 OH, Ko

€ H,0!22 5 OH, 1

es H,0% 12 5 OH4] Wa

€ H,0%22 6 OH,} Wg

8From Table I.
PThe subscripts indicate the number of(¥alence and H-bondattached to the oxygen atom.

where[H] represents the labile hydrogen concentratimine ~ Combining Eqs(9)—(11), one obtains
number of H-bonds that the different oxygen can acoept,
and c,. the water and acetone concentrations grdthe Ph,ot11

water n_10|ar fraction. _The probability of oxygen being of the Ph ootz Ko- (12
three different types is 2
Poo=a(1-xw)?, ()  This relation indicates that species®'* and HO""? (e,
ande,, Table ) evolve together and cannot be separated by
Por=2X Bxw(1=Xxw), () FA. They give the principal factow,. In the same way, we
have
Po= 7Xa (8)
wherea, B, and y are disproportionation functiort8.Equa- Phyotiz  Py,o212
tion (4) is related to Eqs(6)—(8) by PH202«1v1: PH201’2:2: (13
(Pol)2
O~ PaxX Poo’ 9 and
Equations(6)—(9) have previously been reported for the dis- PHzol,l,Z
proportionation between H and D in the ,®6-D,0 p. ., Ko (14
mixtures'® Equations(1) and(2) give H O™
(Por)® Equations(12)—(14) indicate that several water species re-

Ph,ot11= xwX (100 main in the same proportion throughout the whole mixing
range so that FA cannot sort them out. These water species
and must be regrouped into a single principal factor. As a result,
PooX PoiX Pop the nine water species described in Table | give the five
(11)  principal factors in Table Il. FA can sort these.

7 52 -
Poet Poit PorXPo2 Taking from Ref. 10 the disproportionation functions

Péz"r‘ P201+ P01>< P02

PH200,1,2= XwX

Ko Ko 2 L[ Ko
1+ 1—7 (1—2xw)— 1+ 1—7 (1=2xw) | —4(1—xw) 1—7
2<1—xw>2( 1- 7)
|
Bxw=1—a(1—xu), (16) abilities (=molar fraction$ were calculated. From the com-
parison between the experimental results and the theoretical
Yxa= (1= xw) 2= (1-2xy), (17)  calculations,K was found to be 2.5. With this value, the

species probabilities obtained are illustrated in Fig. 2.
and Egs.(1) and(2), the nine water specigdable | prob- Figure ZA) displays the probability of species (water
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3. Acetone species determination

Similarly, the different acetone species that can be sepa-
rated by FA were determined by considering the environmen-
tal factors that influence the acetone carbonyl stretching vi-
bration. In I, FA applied to the acetone 1800—700 ¢ém
spectral region gave five principal acetone factors, their rela-
tive abundances and molar spediral, Figs. §B) and §A),
respectively. These results dealt with spectra of nonexclu-
sive factorgwhich do not represent pure species or fagtors
Although exclusive factors are not necessary for FA to work,
they are necessary to obtain the pure component spectra in
order to interpret them. A detailed analysis of the perturbing
factors affecting the acetone carbonyl vibration is made in
the following section.

The 1731 cm?! of the acetone(abbreviated in some
cases as Accarbonyl in the gas phaSeis red-shifted to
1712 cm* (ATR position in pure liquid. It is assumed that
dipole—dipole intermolecular interaction, being the sole pos-
sibility, is responsible for this shif? On the other hand,
when labile hydrogen atoms are available, they strongly per-
turb the CO stretch vibrations whose IR bands are red-shifted
from the liquid acetone positioli.In aqueous mixtures, wa-

0.1 s & ter is the only molecule that can provide these labile hydro-
e gen atoms. Two mechanisms are responsible for a bathochro-
mic shift: Dipole—dipole interactions and H-bondings. Based
AR on these premises, we divided the acetone molecules into
three types of species, depending on the number of H-bonds
accepted by the acetone carbonyl, A&CQAcCO!, and
_FIG. 2. Probability= in molar fraction) of th_e nine water specie®{—ey) ' ACCOZ, for respectively, 0, 1, and 2 H-bonds accepted.
in the acetone—water mixtures as a function of total water molar fraction . . .. .
(see text Note: Speciegg andes have the same probabilities as spe@gs Since five prlnC|paI acetone factors were retrieved by
ande,, respectively. FA, the three types of acetone species had to be further di-
vided. The acetone carbonyl group can accept two H-bonds.
In aqueous acetone, these come from water whose oxygen
isolated in acetoneandeg (pure watey. From Eq.(12), the  atom can also accept 0, 1, or 2 H-bonds. The resulting ten
ratio of species, to e, is 2:5[Fig. 2B)]. From Eq.(13), different possible situations are identified in Table Il (Ao
that of speciegg to eg is 1:1[Fig. 2(B)]. Finally, from Eqgs.  Ac;g).
(13) and(14), the ratio of species; to e5 to e; is 2:5:5[Fig.
2(C)]. Figure 2 clearly shows the evolving characteristics of4. Calculation of the abundance
each species. In Table II, the species {0 e5) with similar ~ 0f the different acetone species
evolving patterns are combined and related to the experimen- Similarly to the case of the water species, the acetone
tal factors (v, to ws). The nine species provide five factors. species occurrences were evaluated from their solution prob-

Water species molar fraction

0.2

0.0 0.2 0.4 0.6 0.8 1.0
Total water molar fraction

TABLE IIl. Different acetone species in aqueous acetone.

Number of Number of Number of
H-bonds H-bonds H-bonds Degree of
accepted by  accepted by  accepted by ~ Species  perturbation
acetone O neighbor O neighbor ~ symbol on veo
Species i(=0,10r2 j(=0,10r2 k(=0,10r2 AcCOI* (i+j+k)
Ac; (pure acetone 0 NA? NA? AcCO’ 0
Ac, 1 0 NA? AcCO'° 1
Ac, 1 1 NA2 AcCO!!? 2
Ac, 1 2 NA? AcCO'?2 3
Acs 2 0 0 AcCG°%  (1+1=)2
Acg 2 0 1 AcCCG°t  (1+2=)3
Ac, 2 0 2 AcC3°2  (1+3=)4
Acg 2 1 1 AcCGt  (2+2=)4
Acg 2 1 2 AcCG'?2  (2+3=)5
Acy, (lone acetone in watgr 2 2 2 AcCG22  (3+3=)6

aNA, not appropriate.
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ability. For the formation of hydrogen bonds, the premises | ,_ A
used for watefSecs. 1 and)2were used for acetonéa) The
number of H-bonds accepted by the oxydanetone or wa- I Acyg
ter) determines their ability to form H-bondsb) all three ) Ac,;

types of O (i=0,1,2) are in equilibriun{Eq. (3)], giving
constantKq [Eq. (4)]. Evaluating the probability= molar
fraction) of the ten specie§Table Ill), we have

PHZOi g 0.0 T T T T 1
Pacoiik=Pacol| 1—| {1— 25— doj}} 1— Pro j:z 0.3 - B

E AC2 ACs AC4

x 1_({1_50,i_51,i} 2
e

L Ph,0 X Ph,o 19
>< T = L=~ 1
2( PHzoi X PHZOk)

where Pacoi, Ph,oi and Py,o are the probabilities for ac-
etone and water species, and water of any type, respectivel
The symbold;  is the Kronecker symbal=0 whenk#j,

and 1 wherk=j) and

Acetone species re.

2 2 2
2 (P01 X Ph,ok) = P00t Phot T Phy o2t P00

X PH201+ PH200>< PH202

+ PH201X PH202. (19)

Water molar fraction

Using Eq.(2), Eq. (18) becomes

Pacoik= (1= xw)Pol[1—{(1— 82— ) D
| o o
X (1=Po)}]| 1—| (1= 60— b1;) ]j
142 H
Poi X Pk !

x| 1 : (20

- S(Po X P ]

whereX (Poi X Pox) is defined in the same way &P\, oi

X Py.ox) following Eg. (19).
U2 . lueK~=25 . v d ined dE FIG. 3. Acetone species in aqueous acetone. A—C, probabilities of the ten
sing valueKo=2.5 previously determined an gs. species (Ag—Ac,g) as a function of total water molar fractigeee text D,

(19 and (20) as well as those in Sec. 2, the ten acetonawo examples in a two-dimensional representation of situations where a
species relative probabilitiss=molar fraction were calcu- C=O0 bond is submitted: Left, to a+2" perturbation (Ag) and right to a
lated. These are presented in Fig. 3. “ +1” perturbation (Ag) (see text

5. Recombination of the acetone species respectively. We regroup these species to give six factors.

Since five acetone factors were observed, the ten acetor&nce this number is one more than the five retrieved, a par-
species had to be recombined. After similar development, aicular strategy was developed so that the comparison of the
in Sec. 2, we obtain FA results could be made with the probabilistic model. The

strategy will unfold later.
P 1, Ac
Ac0211 [ 8] K (21)

Pacozoz  [AC7] lIl. EXPERIMENT
Be|r|1g re_lateltd by a Icons(;ant, tthbe two sp;mej ITnh 5?‘) ATR-Fourier-transform infraredFTIR) spectral data of
evolve simuftaneously and must be recombined. The ten sp Iqueous acetone used in the present study were reported in 1.
cies give nine observables. However, since the red shift o
the carbonyl group is much less important than that of th
OH group (34 versus 433 ci) it indicates that the nine eiv' RESULTS AND DISCUSSION
observables are restricted to a small spectral region. This will ~ Sixteen of the 27 spectra of water—acetone mixtures in
limit their separations by FA. Figure 3 shows that the abunthe entire solubility range are presented in Fig# )4 4(C).
dances of species Aand Ag are low (<5%) and species In |, FA was applied to the 4000-1800 cfhregion where
Ac, and Ag evolve almost simultaneously as Aand Ag, water absorbs strongly and acetone absorbs weakly, and to
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2 - A

Water species relative molar
fraction

3600 3100 2600

Total water molar fraction

[}
4]
c
I
2
] E B
o
<
F—E ]
< g ] Wy
a2
[=1
_§ 0.1 A Wo
I
<
é‘ W3
:
=
Wy
/\ N
o T T T T 1
3800 3300 2800 2300 1800

Vlem™

1470 1370 1270 1170 o ) )
FIG. 5. Principal orthonormal water factors in the of acetone—water mix-

o~ -1

V/em tures.(A) Water species molar fractions: the symbols are from FA and the
lines from the probabilistic modekB) principal spectraw;—w,, water
species in aceton&js, pure water. Note: the arrows {B) indicate acetone
glitches resulting from the pure acetone spectrum subtraction.

FIG. 4. Sixteen of 27 ATR-IR spectra of acetone—water mixtures in the
whole solubility range(A) O—H and C—H stretch regiongB) acetone
C=0 stretch {3) and water deformation&oy) regions;(C) dcy3 and CC
stretch (,7) regions.

1. Water principal factor spectra
a. Orthogonalization procedure: Obtaining pure compo-

nent spectra.The relationship between concentrations and
the 1800—700 cm' region where the reverse takes place.molar fractions reported in Appendix B of | was used to
Using this spectral windowing, ten principal fact¢fise wa-  transform the water molar fraction into water concentration
ter and five acetonewhere retrieved by FA. These ten spe- so that Beer’s law could be applied. In addition, this relation-
cies do not evolve concomitantly as a function of concentraship is easier to follow since the concentrations are obtained
tion and must be considered independently in order tdlirectly when the principal spectra MFs are expressed in mo-
establish the chemical interpretation of the mixture organizalar absorbance. Also, the spectra of the pure components
tion. were obtained using matrix conversiohppendix B.

b. Real water species molar fraction and orthogonaliza-
tion of the water principal spectraAfter the probability-

In the 4800-1800 cm' region, the water OH band calculated speciese() are merged into the five orthogonal
stands out as the principal featiire,,,.=1.9 a.u., Fig. 4A)]. principal factors(w;, Table II), their intensities are adjusted
Although weak the carbonyl i and CH stretch, respec- by parameterizing the principal factor abundances With
tively, near 3410 cm' (0.03 a.u) and 2900 cm* (0.14 a.u)  obtained from Eqs(3) and(4). Using Eqs(15)—(17), (19—
are easily identified. Since these bands are little displace(?1), and relationB3) taken from | and the numerical value
with different acetone concentrations, they were subtractedf Ky, we calculate MFs fo[SSX represented by matriR’.
with the pure acetone spectrum normalized to the propeFurther use of Eq(B8) (Appendix B and Ref. 14gives the
concentrations. The weak sigmoid residues resulting fronprincipal factor abundance (MF that is compared with the
the procedure do not interfere with the OH band analysis. theoretical results. The best fit presented in FigA)5was

Factor analysis applied to the resulting spectra revealedbtained using<o=2.5+1.5. On this figure, the calculated
five principal water factors. Their molar spectra and relativevalues(full lines) are consistent with the experimental ones
abundances are given ififigs. 6B) and 8A), respectively.  (symbols obtained by FA. This indicates that the model pro-
These results dealt with spectra of nonorthogonal principaposed is adequate.
factors, the orthogonalization of which could not be achieved  An equilibrium constant of 2.5 indicates that E) is
using standard techniques. slightly left displaced. That is the oxygen atoms accepting

A. Water species in water—acetone mixtures
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TABLE IV. MFs obtained from probability calculationgnatrix P’).

Water molar fraction of the
experimental spectra

Factor 0.0166 0.1062 0.2440 0.4543 0.8598 1.0000
a? 13.591 13.305 12.761 11.555 5.620 0.000
Wy 0.218 1.157 1.894 1.722 0.062 0.000
A 0.010 0.363 1.510 3.234 0.714 0.000
W3 0 0.056 0.590 2.976 4.051 0.000
Wy 0 0.004 0.112 1.331 11.171 0.000
Wi 0 0 0.013 0.357 18.480 55.411

#Factora represents all types of acetone species.
PSee Ref. 15.

only one H-bond ¢ O') are a little less abundant than those spectively. The neighbors and next neighbors which modify
accepting zero or two H-bonds-(Q° and — 0?). Stated dif- the absorption regimes in synchronization further perturb
ferently, an oxygen accepting one H-bond is a slightly stronthese regimes.

ger H-bond acceptor than one that does not accept any. a. Principal factor v (pure water). We start with prin-

In conclusion,(1) nine different water species are the cipal factorws, pure water(speciesy, Tables | and [i, not
number of species in the acetone—water mixtu(@s;the  because it is a simple system but because the OH stretch
grouping of these species into five principal factors is supband simulation into components has been the object of pre-
ported by experimental result&3) the transformation of ab- vious publications where the rationale for the band simula-
stract MFs(taken from ) into real ones is adequate atW tions is giver?'%®The two main components at 3389 and
the orthogonalization procedure is satisfactory. 3222 cm! are assigned te; and v, of water, respectively

c. The spectra of the five orthogonalized water principal(Table V). The molecules are completely hydrogen-bonded.
factors. The principal water factors obtained usiRg(Table  The two hydrogen atoms of a central water molecule are
IV) are orthogonal. Their spectra are shown in FigB)>  hydrogen-bonded to the oxygen of neighboring molecules
where the lettersw;—ws) identifying the factors are the and one hydrogen of two other neighbor molecules is
same as those in Table Il. The spectra of the orthogonalydrogen-bonded to the oxygen of the central molecule,
factors[Fig. 5B)] have more features than that of the non-forming an OH type of water molecul&’ The many other
orthogonal onesl). Some weak glitches observed on the components retrieved are assigned to combination bands
spectra near 3410, 3006, 2965, and 2920 tifarrows on (Table V). The broadness of the components indicates that
the figurg derive from the use of the pure acetone spectruMpey probably contain sub-components, but these could not

in the subtraction procedure. This subtraction is not perfeche retrieved lacking discriminating criteria. All these compo-
because the acetone bands are slightly displaced in aqueoys s form regime 3 of water absorption

solutions. These glitches being weak do not interfere with the b. Principal factor w. Next we tackle water principal

water species evaluation. factor w; because its spectrum is the sharpest and its com-
ponents are at the highest frequencies of the series. The spec-
trum of this factor was simulated with two components situ-

2. Simulation of the OH stretch bands ated at 3618 and 3518 crh (Fig. 6). Since this principal

of the water principal spectra factor is retrieved from the low water molar fraction region

To best compare the different water principal spectra irlF19- XA)], itis related to species, [Fig. 2(A)] identified as
Fig. 5(B), they were simulated using Gaussian shapes. Othé¥" Oh type water(Table I)). The two components are as-
shapes were tried with no better results, so we opted to usdgned easily to;; and vy, respectively. Very little satellite
this profile. Since the band enhancement procedures do n8Psorption is observed on this spectrum because each water
work on the spectra in this figure, we cannot determine thénolecule is isolated from the others. This impedes the for-
exact number of components in the OH stretch region. Howmmation of hydrogen bonding between the water molecules,
ever, based on previous experience, we present the best p(yghich considerably decreases the band formation in the far-
sible fit in Fig. 6% The component characteristics are IR. Having no band to combine with, the fundamental bands
listed in Table V. The two principal water absorbance com-have no satellite band. The absorption pattern observed for
ponents in this region are assigned to fundamental vibrationk&ctor w, forms regime 1 of water absorption.
vy andv;. To these components are added the satellite com- The v; and v; components of Oklat 3618 and 3518
ponents originating mostly from the external modeansla- c¢m " are red-shifted from the gas-phase positi3#56 and
tions and rotationiscoming from the far-IR%'®"These ab- 3657 cm*),'* but blue-shifted from pure liquid positions
sorptions form a typical water-type cohort called an(3389 and 3222 ci, Table V). The red shift of around 140
absorption regime. Since we identified three types of wateem * from the gas position confirms that the water mol-
(OH,, OH;, and OH), each one having its own set of ecules of factorw; are twice H-bond donors. Even with
bands, we have three regimes that we label 1, 2, and 3, réhese H-bonds given, the OH stretch band is at relatively
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TABLE V. Position (in cm™), full width at half height(FWHH in cm™%), and molar intensitie§in ATR-IR a.u) of the IR Gaussian components of the five

water principal factors in aqueous acetone.

OH, OH,, OH; OH,, OHz, OH, OH;, OH, OH,
H,O wi=e; Wo=e,+e, Wiy=e;teste; W,y=ez+eg Ws=eq: pure H,O
gad Mean
position position Position FWHH Int. Position FWHH Int. Positon FWHH Int. Position FWHH Int. Position FWHH Int.
v3t+ v, 3760 300 0.0003 3700 300 0.0002 3730 310 0.0004
3695 100 0.0020
v+, 3647 70 0.0035 3620 105 0.0052
vat vy 3588 70 0.0085 3528 135 0.0100
V3 3756
v3(OHy) 3608 3618 94 0.0424 3576 94 0.0482 3631 84 0.0115
v3(OHz) 3473 3447 151 0.0443 3466 150 0.0087 3505 150 0.0175
v3(OH,) 3391 3395 190 0.0340 3388 190 0.0354 3389 195 0.0289
Ac residue 3410,3006
2965,2920
2-v, 3400 75 0.0014 3390 76 0.0040 3285 150 0.0030
2 3657
v1(OHy) 3508 3518 94 0.0313 3480 94 0.0138 3527 84 0.0220
v1(OHz) 3282 3281 151 0.0105 3280 150 0.0055
v1(OH,) 3223 3226 190 0.0143 3222 190 0.0222 3222 195 0.0279
Residue 3222 260 0.0025
Vi-vm 3042 150 0.0011 3045 150 0.0035 3079 135 0.0060
V3 Vo 2974 135 0.0035
V-V 2870 300 0.0008 2840 135 0.0014
V3- v 2685 135 0.0007
V-V 2583 115 0.0004
vy 1595 1638 81 0.0162
v .2 613 341 0.0446
V2 395 300 0.0154
vy 183 148 0.0155
v 50 80 0.0031
Integrated intensity4000—2500 crm?) 8.8 15.6 18.0 17.6 16.3

#Zelsmann(Ref. 17 from fitted components obtained from transmission measurements at 0 °C.
PReference 11.

high frequency. The absorption in this frequency region wasinique H-bond with methanol, no anti-cooperativity can take
assigned previously to “free” OH oscillatorS->?However,  place. However, the bathochromic shift of the methanol OH
in the present case, QHnolecules are surrounded by ac- vibration is far less than that usually expected in a strong
etone, a strong H-bond acceptor, which will form H-bondsH-bonding situation. Similarly, anti-cooperativity cannot be
with all available labile hydrogen atoms. Moreover, the full used to explain the small red shift observed in water isolated
width at half height(FWHH) of these bands at 94 ¢mh  in acetone since the bathochromic shift is similar to that
makes them too wide to be free OH oscillators. Also, if theseobserved in organic methanol solutions. The small batho-
were present, we would have four components forming twahromic OH shifts are explained by the situation of the OH
absorption regimes: A3, v, pair for the single H-bond donor groups that do not accept any H-bond.

species and anothes, v, pair for the twice H-bonded spe- c. Principal factor w,. The vy band of spectrunw,
cies. Since we observe only two components they cannot b@ig. 6) is separated into four principal components situated
assigned to free OH oscillators. These arguments indicatat 3576, 3447, 3480, and 3281 ch(Table V). This water

clearly that OH twice H-bonded is the perfect candidate for principal factor,w,, is related to two water species; and

the water absorption species at 3618 and 3518%cm

e, (Table 1l), that generate two absorption regimes. The 3576

Anti-cooperativity had been invoked to explain the smallcm™! component has the highest position: Its bandwi@h
bathochromic shift of the OH stretching of water isolatedcm %) is the same as; of OH, of speciese; (factor w,).
molecules. However, similar lower bathochromic shifts wereConsequently, we assign this component/toof regime 1
observed for methanol diluted in different H-bond acceptorsgenerated by species. The red shift of 42 cm® compared

The methanol OH stretch position is situated at: 3681 tm
in the gas phas¥, 3328 cm! in liquid,*! 3500 cm? in
dioxane?® 3530 cmi! in acetonitrile? and 3509 cm?! in
acetongunpublished ATR measurement$hese shifts from
the gas position are 353, 180, 150, and 172 trmespec-

to that of spectrumv,; (=e;) is explained by the situation of
the H-bond acceptors where one of these accepts a single
H-bond () and the other accepts two H-bonds 2O
whereas in species; the H-bond acceptors accept only a
single H-bond (&) (Table Il). In the same way, the 3480

tively. In the three last systems, each isolated methanol mokm ! component is assigned g of OH, (speciese,): Its
ecule having a single OH group can give only a singlebandwidth is the same ag and the spacing3— v, is the
H-bond (and accept none because methanol molecules asame as that of OHof speciese; (factorw;). The vz, v,
isolated the ones from the othgr¥herefore, because of this intensity ratio in spectrune, of w, is different from that
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FIG. 6. Gaussian simulation of the five principal water spectra of Kig):5
w;—W,, water species in aceton®y, pure water.

observed fore; of w;. Although the difference may come

from an imperfect simulation, it may also originate from dif-

J.-J. Max and C. Chapados

generate two absorption regimes. The two species have an
extensive hydrogen bonding network that should generate
many bands in the far-IR and consequently produce many
satellite components in the fundamental region. The intensity
of these satellites is weaker than that of fundamentgksnd

v, and the position of the OHcomponents is at higher fre-
quency than that of OH Using these characteristics, the
assignment of thev, components was made and is presented
in Table V.

The three most intense, components are situated at
3505, 3388, and 3285 cm (Fig. 6). The 3505 cm?! com-
ponent is assigned te; of the OH; absorption regime. The
v, of this regime is difficult to identify because the most
likely candidate, the 3285 cm component, is too far away
from v5. This leaves the absorption of buried in the much
stronger component at 3388 ¢l The 3285 cm?' compo-
nent is assigned to:%. The 3388 and 3222 cnt compo-
nents are assigned, respectively,itp and v, of the OH,
absorption regime with a separation between the two com-
ponents of 166 cmt. This band separation and the band-
width of 190 cm'* of the w, components is due to the ex-
tensive hydrogen bonding of this principal factor.

e. Principal factor w. The vy band of spectrunwsy
(Fig. 6) is separated into eight components situated between
3710 and 2800 cit. Although the spectrum of this factor
has more spectral features than the other factors, the compo-
nents strongly overlap, making the separation between them
difficult and likely incomplete. To illustrate this difficulty,
the small component situated at 3390 ¢nthat cannot be
easily separated into the three regimes described below is
assigned to 2,. The water principal factow; is made of
OH,, OH;, and OH,, forming specie®;, e;, ande,, re-
spectively(Table Il), that generate three absorption regimes.

The e; species made of OHdo not accept H-bonds

ferences in environment in the two cases. A change in envifrom other water molecules. Because of thig,and v, of
ronment has been observed to cause strong modifications his regime are on the high frequency side of the band. We

the intensity ratio of HO v5, v, bands?® Due to different

assign the 3631 and 3527 chmbands to, respectively,

lone electron pair numbers on both oxygen accepting th@nd v, of e;/w; absorption regime {Table V). The separa-

H-bond from the central water molecule,j, the molecular
symmetry of this species is less than that of speegs
which can in turn decrease thg intensity (symmetric OH
stretch of this species to the benefit of itg intensity (anti-
symmetric OH stretch

The two remaining components at 3447 and 3281 tm
are assigned, respectively, tg and v, of absorption regime
2 generated by species, which is an OH water type. The
spacing between the components is 166 tand their band-

tion between the components and their bandwidths are simi-
lar to specie®; of factorw;. The small positions and rela-
tive intensity differences are explained by the difference in
neighbor situations: 50°'* and H,0%? for the e; and e;
species, respectivelyrable 1I).

The e5 species, made up of QK is more H-bonded to
other water molecules than tleg species, but less so than
the e; specieqTable I). As a result, the absorption of tleg
species is at the center of the band. We assign the 3466 and

widths are 151 cm. The positions, spacing and bandwidths 3280 cm* bands to, respectively; and v; of es/w; ab-

make this regime more like regime 3 (@QHthan regime 1

sorption regime 2(Table V). The band separation of 186

(OH,) (Table V). Therefore, it must be concluded that an cm™!is correct and the relative intensity adequate. This band
H-bond accepted produces a stronger perturbation of the OBkeparation and the large bandwidth indicate that this species
stretching oscillator than does an H-bond given. The symmeis largely hydrogen-bonded to other water molecules.

try decrease of ag, water specie$with a single lone pair of

Finally, the e; species, made up of QK is more

electrons left produces a; intensity decrease to the benefit H-bonded to other water molecules than tivg species

Of V3.
d. Principal factor wy,. The vy band of spectrunw,

(Table Il). As a result, the absorption of tlee species occu-
pies the lower frequency part of the band. We assign the

(Fig. 6) is separated into seven components situated betweed895 and 3226 cat bands to respectively; and v, of

3710 and 2850 cit. This water principal factor is made of
OH; and OH,, forming speciess and eg (Table 1) that

e;/wy absorption regime 8Table V). The component sepa-
ration of 169 cm ! is correct and the band’s relative intensity
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adequate. Once again, the separation between the componémtthe central water molecule, either water or acetone, can
and the large bandwidths indicate that this species is largelgave one or zero free electron pair accepting zero or one
hydrogen-bonded to other water species. more hydrogen bond from a next neighbor. Since all these
The intensity ratios of the three absorption regimes, ( situations produce a different water spectrum, it is of prime
e;, ande;) are consistent with the expected intensity ob-importance to consider the situation of the oxygen atoms in
tained from probability(1, Ko, andKg, Table Il). The dif- all hydrogen-bonded species in order to evaluate the
ferences are explained by the complexity due to the presendg/drogen-bonding network.
of three pairs of overlapping components and by the satellite  With the randomly mixed solutions used in the present

bands that further complicate the absorption. paper, we can calculate the number of “isolated” water mol-
ecules at any total water molar fraction. An isolated water
3. Water types in aqueous acetone molecule is one that gives two H-bonds to acetone molecules

CPUt accepts nong¢because they can only be furnished by
other water moleculgsThis water molecule is of type;,

that is, OH (Table Il). As an example, at,,=0.30 we cal-

b ulate that 37.0% of the water molecules are of tgge

rom these we must eliminate those giving one or both
-bonds to other water molecules since they produce water

In aqueous acetone, depending on the number of hydr
gen atomgvalence and H-bondédsurrounding the oxygen
of a water molecule, three water types exist: QIdH,, and
OH,. The neighbor molecules influence these water types
dividing each into three subspecies, for a total of nine wate
species. Pure water is one of the species. The other eig

species appear as acetone is added to the solution. Followi ders tor Elghtehr ollgomerbs_.l_tSTce the (t)ﬁy%en;ror; acetonet
a random organization, the abundances of these types a water has the same ability to accept H-bonds, the amoun

determined, indicating that some species evolve concomf isolated water molecules is obtained by multiplying the

tantly, yielding five principal factors. These were observed intota![_amm;nt of ttypeel tvt;/a:er mc_)]!eculei_:]wme byltthetmolar
the IR-FA separated ATR spectra of the solutions after thd'action of acetone, that is (Lx.). The result, aty,

principal factors were separated. Then, after principal factor_ 0.30, was (37.8.0.70<0.70=) 18%. This result s similar

orthogonalization, the comparison between calculated anH),that obtained by neutron dlffr:.':lctl.on for methanol—-water
experimental results was excellent. This indicates that th@rxtures at the same molar fraction: 13%.
model developed for water in aqueous acetone is valid anfl acetone species in the water—acetone mixtures
that the procedure to prove it is adequate.

Furthermore, the band simulation with several compo-1- Régrouping the species random distribution
nents yielded three absorption regimes for the three watdf®© Principal factor abundances
types. The assignments of the components to the nine sub- FA applied to the spectra of aqueous acetone in the
species prove the adequacy of this model, further justifyingl800—700 cm’ region revealed five principal factors. The
it. Each absorption regime yields two principal bangsand  probabilistic model gives ten species, two of which evolve
vq, to which satellite components are added. Our assignmesimultaneously giving nine observables. Because FA cannot
greatly differs from the one recently proposed where foursort these, they are regrouped following the perturbations on
separated bands in the massive OH stretch absorption of satte G=0 groups which is evaluated by scaling the displace-
solutions are assigned to different size clustéidowever, ment of the acetone CO stretch band)(since a weakening
our assignment is consistent with our previous study of terof the C=0 bond red-shifts the band. This is done by evalu-
salt aqueous solutions and,®D,0 mixtures'®?’ The 5, ating the strength of the H-bond accepted by acetone: The
v, pair assignment is evident for the situation of isolatedweaker the given H-bond is the stronger the O—H valence
water molecules in acetone. It is possible to follow the  bond is. We attribute an arbitrary number representing the
v, pair (or regimg from the non-H-bonded oxygen of water O—H valence strength-3, +2, +1, in relation to respec-
(OH,) situation to the once and twice H-bonded situationstively 0, 1, and 2 H-bonds accepted by the oxygen of this
(OH;z and OH,). These observations further justify our as- O—H group. Hence, we attribute numberd, +2, and+3
signment of the OH stretch bands of liquid water. to the strength of the H-bond accepted by acetamel there-

The pure water spectrunwg) covers the whole 3800— fore to the G=0 perturbatioh in relation to the number of
2800 cm! region (Fig. 6) while the other water species H-bonds accepted by the O—H group, respectively.
spectra (v, to w,) cover only a part of this region. As ex- To illustrate the above scheme we give in FigDB8two
pected from FA, any effort to reconstruct the spectrum examples in a two-dimensional representatiosft, the oxy-
with the w; to w, spectra was unsuccessful, even when thegen of the water donor molecu(® acetongis once hydro-
satellite bands were not considered. This confirms that thgen bonded, therefore givest® H-bond strength producing
pure water spectrum is not an amalgamation of the othea+2 perturbation on the €0 ketone.Right the oxygen of
water species spectra and that pure water is a genuine spectbg water donor molecule accepts no hydrogen bond, hence
that is orthogonal to the others. having a+3 O—H valence strength that entailstd pertur-

A fundamental point to take into consideration is thebation on the €=0.
importance of the oxygen atom on the central water molecule  With this scheme, a rough estimate of the H-bond per-
and its neighbors. The oxygen of the central water moleculéurbation on the €0 ketone is made. When two H-bonds
can have two, three and four hydrogen atoms surrounding #re accepted by the carbonyl, the perturbations are added.
and consequently can have two, one and zero free electrolthough rough—because it does not consider the acetone—
pairs. The oxygen of neighbor molecules hydrogen-bondedcetone dipole—dipole interactions—this method scales the
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TABLE VI. Distribution of the acetone species in aqueous acetone intoresult is presented in Fig(&X), where the full lines and sym-

principal factors. bols are the calculated and experimental results, respectively.
Degree of The fit between probability calculatiqns and FA of cunags
Species abbreviation perturbation  Acetone (pure acetoneand ag (lone acetongis excellent. That of
AcCO ik on veo* species Principal factor ~ curvesa,, az, anda, are close matches. Although not as
AcC 0 Ac,} a good as fora; andag, they are nevertheless acceptable.
AcCO° 1 Ac,
AcCO'?! 2 %Acs a
AcCOR00 5 Lnc. 2. '/R_sple?tratz of the five orthogonal acetone
ACCOL ) ) principal factors
AcCO'? 3 2AC43 With the now real species distribution, the five principal
AcCC?00 2 1 acetone factors retrieved by FA are orthogonal in a five-
ZACS a d . | c%g h . d . .
AcCORO! 3 Acs 3 imensional spac€.Their ;pectra are pre;ente in FugB'Y
AcCO?02 4 lnc, (a1—-as) and the band assignment given in Table VII. Figure
11 7(C) gives the residues obtained from the recombination of
AcCCO? 4 Inc e _ ) ;
ACCOR02 4 278 the principal spectra with the MHA$ig. 7(A)]. Since these
) Acy are weak it indicates that FA and orthogonalization procedure
AcCOf 4 A N worked adequately. Consequently, the results are reliable.
AcCQ?1? 5 Ac, Although the five acetone species spedtfig. 7(B)]
AcCC?22 6 Aciot as look alike, they are related to orthogonal factors. Spectrum
P . - — a, is the pure acetone spectrum and has no water band. With
rom Table Ill, the degree of perturbation g, is equali +j + k. the other species we notice that waterand », near 1650

and below 900 cm', respectively, increase from spectriag
to spectrumag, reflecting the fact that the number of water

H-bonding perturbations on the=€0O stretching vibration. ) i
The degree of perturbation ans, for the ten carbonyl situ- molecules surrounding the acetone molecules increased as
o the water content of the solution increased. The intensities of

ations is given in Table Ill. With these and the species dis- . .
tribution (Fig. 3), the regrouping is made in Table VI. The the other acetone bands are almost constant, but their posi-

tions are shiftedTable VII).
The gas and liquidATR) phase positions of the acetone
CO band ¢5) are situated at 1731 and 1712 chrespec-

1.0 4
g tively. A shift of 19 cm® on a carbonyl ketone indicates
g strong intermolecular dipole—dipole interactions, the only
Ts perturbation possible in liquid acetone. The CO bond dipole
k=) . . . .
25 moment vectors of nearest neighbors in the liquid tend to be
ié oriented in an antiparallel manrfeAdding water to acetone
2 increases the red shift to 1697 cMm(34 cmi ! from the gas
§ 4 il i — position in the worst cas€Table VII). This increas€almost
<.0.14 double the red shift from gas to liquid phasawdicates that
0.0 02 0.4 06 08 1.0 the hydrogen bonding perturbations between acetone and
Total water molar fraction . . .
T water molecules are stronger than the dipole—dipole interac-
tions between acetone molecules. This is not always the case
2 05 4 2 since we observed the opposite on the CN stretch band of
g acetonitrile—water mixtures.
§ 2 The residuegFig. 7(C)], obtained from the difference
s as between the FA calculated spectra and the experimental spec-
E tra, show weak glitches near 1712, 1369, and 1210%cm
8z These glitches correspond, respectively,itg,, vec, and
a dcy acetone strong bands. These glitches indicate the non-
00~ perfect behavior of these groups when submitted to environ-
0:)1 1 c mental changes. Since these second order effects are weak
o g but real, they could be used to study these perturbations but
:g 4‘# -~ - spectra with higher resolution and higher signal-to-noise ra-
2 ] tio would be needed. This is an ongoing project.
o001 *-+or—-—1"—"1"—""—""—"-"r"""" T+
1700 1500 1300 1100 900 700
Vfem™ C. Comparison between water

FIG. 7. Principal orthonormal acetone factors in the acetone—water mixand acetone principal factor abundances

tures.(A) Relative molar fractiongthe symbols are from FA and the lines .
from the probabilistic modgl (B) principal spectrashifted 0.1 a.u. from In the acetone—water system, a comparison between the

each other, (C) residuesa, , pure acetones,—as, aqueous acetone species. five water principal species molar fractiofisig. 5A)] and
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TABLE VII. Position (in cm™) and assignment of the bands of the five acetone principal spectra.

Approximate AcCO® AcCQO???
Symmetry type of a; as
species vibration Gad pure acetone a, as a, isolated acetone
2, 3412
Vi, Vi3 CHs d-str 3018.5 3005 3006 3008 3012 3014
Voo CH, d-str 2972 2965 2967 2970 ~2972
vy, Vig CHj s-str 2937 2924 2924 2926 2928 2930
25 2845 2845 ~2845
Va3t vy 2780 2780 2775 2770 2770
~2700
vigt vy 2578 2584 2589 2591 2595
vyt vy ~2503 ~2503 2495
2vq7 2443 2445 2450 ~2450 ~2450
vigt Vig 2262 2264 2272 ~2272
2y 2145 2148 2150 2150 2160
Vit Vg 2120 2120 ~2100 2100 ~2095
v+ v H,0 ~2060 ~2100 ~2115 ~2130
V7t vy 2000 2008 2014 2020
R 1885 1886
Vigt Vo3 1830 ~1850 ~1850
V15t vg 1795 1800 1805 ~1810 ~1815
Va7 V1o 1750 1752 1757 1765 ~1767
~1720 ~1713
V3 CO str 1731 1712 1709 1702 1703 1697
1704 1694
v+ g 1676 1668 ~1660 1658
v,H,0 ~1650
v,H,0 1647 1650 ~1641 ~1640
1560 1580 1584 1587 ~1585
Vo CH; d-def 1454
vy CH; d-def 1435 1436 1439 ~1439 ~1440 ~1445
Vig CH,; d-def 1410 1420 1421 1422 1422 1423
Vs, Vig CH; s-def 1363.5 1361 1365 1366 1368 1371
~1355 1357 ~1359 1360 ~1362
1297 ?
1270 ~1270 1262 1273 ?
1245 ~1243 ~1250
V17 CC str 1215.5 1223 1228 1231 1233 1238
1220 1222 ~1225
1212
Va-V3 1195 1200 ? ~1203 1206
1178 ? 1185
1145 1153
1125 1127 1123 1129
Voo CHj rock 1090.5 1092 1093 1093 1093 1094
Vg CHs rock 1066 1062 1066 1068 1069 1070
1040 1040 ? ~1041 2
Vgt Vgt vy 980 986 ~990 ~985
v3-v7 ~920 ~930 942
Vig CHj rock 891 901 906 908 910 ~913
v, CC str 777 785 788
Vig CO ip-bend 530
vg CCC def 385
Vo3 CO op-bend 484
Vou Torsion 109

aReference 11.

PRaman.

those of the five acetone speci€sg. 7(A)] reveals similar

respectively, these look alike yet are different. The ratios

patterns but with significant differences. To bring these outhbetween the two curves) show these differences even more
we plotted in Fig. 8 the species concentration as a function oflearly. If the two quantities were directly related, the

total water concentratiofwhich, following the Beer’s law,

curves would be horizontal lines. This is not the case. How

will produce proportional absorbancen frames where two can that be, since we have used the same solutions to gener-
curves are drawng andw; for acetone and water species, ate the principal spectrdive for the water species and five
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¢ | H-bonds themselves (AcCB?); this is species Ag pro-
as ducing principal factoas (Table VI).
0 . - 0 0 . - A In the mixture, the two hydrogen bonds between the ac-
Total water concentration etone and water molecules will leave two water molecules

fe s o o bet t 4 water orincinal fact t with a lone electron pair each ¢(B'22); they areeq species

. 8. Comparison between acetone and water principal factor concentr . PR - -

tions as a function of total water concentration. The frames bring togetheerr""bIe D. Figure 9 sketches the situation in two dlmenSI,ons

one water and one acetone factor with similar abundances. The tracee 1O One of these two water molecules. They accept a single

the ratio between both factors in the framm., pure acetonep,—as, H-bond from other surrounding water molecules that accept

acetone—water species;—w,, water—acetone species;, pure water. two themselves (EDZ 1 2)’ the latter areeg Species{Tab'e I)
since they are connected to ordinary water molecutgsr(

) Fig. 9. Theeg andeg water molecules form principal factor
for the acetone specigsTo understand this apparent para-\, “(Table II).

dox, we have to look at the neighbor and next neighbor situ- = 11,5 anas acetone molecule, which is surrounded by

ations. _ o _ _ water molecules will perturb four of them, giving a 1—4 ratio

In the simplest situation obtained in very low acetoneot acetone to perturbed water molecules. This could be inter-
concentration in water, the surroundings of thes@foups  preted as an acetone tetrahydrate if the four water molecules
are little perturbed since Gjstretch bands are only slightly \yere interacting directly with acetone. This is not the case
displaced in a water environment. We will, therefore, be conyecayse the perturbed water molecules are not necessarily
cerned only with the CO group surrounded by water mol-peighhors to the acetone molecules. Furthermore, the acetone
ecules. Due to the equal capability of acetone and water tglecules do not locally perturb the water H-bond network.
accept H-bondsfrom wate), the acetone molecule will ac- - consequently, it is not possible to speak of an acetone tet-

cept two H-bonds. This results in a lack of two H-bonds ahyqrate. This explains why two sets of species are present
(those that are given to the acetone moletdethe remain- i 5queous acetone, one for water and one for acetone, each

ing water m_olecules. Because of hydrogen hopping, the fregg; producing different evolving principal factorg, andas,
electron pair(the lack of H-bonds acceptedannot be lo-  regpectively(Fig. 8. For the more concentrated acetone so-
cated on a particular water oxygen atom. Thus, the positiofsions, the same logic can be put forward but is rendered

of the acetone molecule cannot be related to specific watgfore difficult due to the overlapping situations as ratios
molecules. In the mixture, two water molecules have a fre%z:wl, as:w, anda,:ws in Fig. 8 illustrate.

electron pair because of accepting one H-bémat two, as
with all other water moleculgsOne of these is sketched in
Fig. 9.

In water, the CO group of the lone acetone molecule has By evaluating first and second order perturbations of OH
two electron pairs that will accept two H-bonds. In a water-and G=0 stretching vibrations of water and acetone in
rich mixture, almost all the water molecules accept twoaqueous acetone we obtained nine water and ten acetone spe-
H-bonds (HO?2?): this is specie®g producing principal cies. Considering the oxygen atom and the hydrogen atoms
factor wg (Table Il). The two H-bonds accepted by the ac- (valence and H-bondsurrounding it, water in aqueous ac-
etone molecule come from water molecules that accept twetone is made of three types of water: QHDH;, and OH,.

V. CONCLUSION
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These depend on the number of H-bonds accepted by theolutions?®*° and since that species was not found by
water molecules, which are 0, 1, and 2, respectively. Eacbthers®'® we carefully looked for it in the water—acetone
type produces a distinguishable OH stretch absorption remixtures where such an entity would exist. We found none
gime composed of; and v, (mean values for Off 3608, because acetone scavenges them all.
3508; OH;, 3473, 3282, and O} 3391, 3223 cr?, respec- Our work sheds some light on a widely used and appar-
tively) with several satellite components. Depending on theently simple system: The acetone—water solution. It turns out
neighbor situations related to the number of H-bonds acto be quite complex. This indicates that simple aqueous sys-
cepted by the neighboring oxygen atofdsor 2), each type tems, whose organization is taken for granted, must be re-
of water further modulates the OH absorption regime. Theevaluated. Since our work provides a new method of evalu-
probabilistic model developed for randomly organized mix-ation of the nature of H-bonding in aqueous solutions, it
tures of acetone and water molecules have both the sang@uld in time lead to a comprehensive model of liquid water
capabilities to accept H-bonds but are limited by the H-bondhat could explain all its physico-chemical properties. Fur-
network gave ten acetone and nine water species. The evalthermore, our study of aqueous acetone by FA on ATR-IR
ation of the species’ abundances shows that some of the w&pectra yields an enormous quantity of information using a
ter species evolve concomitantly as a function of water contelatively simple analytical technique that has several advan-
centration, producing five principal factors. Thesetages when compared to more expensive and complicated
corresponded to factors retrieved from the IR spectra by FAnalytical methods like neutron diffraction.
using spectral windowing. Each of the five principal water
spectra is a particular combination of the three regimes. Pur@PPENDIX A: ORTHOGONALIZATION
Wat_er and isolated water in acetone _havg only one absorptiop Spectral orthogonality
regime each. For the three other situations, more than one ] )
regime makes up the spectra. The most useful goprdlnate systems are orthogonal since
The ten acetone species yielded nine principal factorghey are related to distinct factotslt is practical to use an
the abundances of which vary as a function of water molaPrthogonal system to perform FA on spectroscopic data.
fraction. Because of the small shift of the-€0 stretch band, Since this does not provide real factors, these must be ren-
only five principal factors are retrieved by FA from the IR dered _real in order to interpret them. T_herefore, usua_l factor
spectra. Nevertheless, based on similarity considerations, t@12lysis of a set of spectra of multicomponent mixtures
combination of the species’ abundances calculated fronfi€lds n orthogonal spectr&, giving orthogonal vector rep-
probability correspond to those retrieved from IR. This indi-f€Sentations of transformed spectra of pure comporiénts.
cates that the assumed mixture organization is satisfactory.Various methods of constructing an orthogonal set OUIG of a
In aqueous acetone the molecular model is as followsdiven set of linearly independent vectors are avallé‘b‘ré,
(1) The molecules form an extensive hydrogen bond netpf which _the_Gram—Schm|dt and the Schweinler—Wigner or-
work: (2) when water molecules are close one to the othersiogonalization procedures are preferiédhese orthogo-
hydrogen hopping occurg3) oxygen atoms from both ac- _nahz_atlon procedures a&&!ged to absorbance spectra necessar-
etone and water are equally likely to accept H-bonds fronY yle_ld abstract spectrd. .
water: (4) when free electron pairs on the oxygen atoms are Sm_ce real absorbance spectra have only posmye valugs,
in excess, all labile hydrogen atoms form H-bon€®; the any pair of real spegtra cannot be c_xrthogor)ql conS|steqt with
molecules are almost randomly organized, restricted only b)t}je usual math_emaucal orthogonality condition. As a simple
the hydrogen bond network: No preferred complexes argxample, consider the spectra of pure water .and pure ac-
present in aqueous acetori6) although the OH groups act etone. These spectra are not orthogonal, even if both species

as H-bond donors, the OH stretching bathochromic shi re pure and, therefore, fully exclusive one from the other.
from the gas position increases with increasing number ;@owever, the two spectra can be transformed into orthogonal

H-bonds accepted by the oxygen atof) the H-bond abstract spectra by a simple linear transformation. Further-

strength increases a little with increasing number of H-bond ore, a set of abstract orthogonal spect,£,) is easily
obtained from any set of real specti@,(S,). However, the

accepted by the oxygen atom of the H-bond donor. ; ‘ L .
Three forces are at play in acetone—water mixtures.orthogon"’lI s-et of spectra is far-from unique and it is eas!ly

Dipole—dipole interactions, hydrogen bonding, and hydro_shown that it may represent virtual nonorthogonal species

o Y ' ' that are nonexclusive one from the others.

phobic interactioné? The last of these was observed on the . o

CH stretching bands that are blue-shifted as water is intro- I.n short, mathematical spectral orthogonallzatlon cqnnot

duced into the solutiohThe dipole—dipole interactions were p:gz:i?h;i: g’gf g;ri 223;?;”:;;:& ui?g sasege(s:mlslgﬁgt#;-

observed through the red shift of the carbonyl stretch ban<$ b P b P )

L ess, factor analysis that gives abstract factors is very useful
when acetone passed from the gas phase to the liquid phase; o o
: ?ﬁecause it gives the number of components in mixtures.
Hydrogen bonding was also observed on the carbonyl stretc
band as water was introduced into the solution, red-shiftin
the band further. This indicates that hydrogen bonding i
stronger than dipole—dipole interactions in acetone because it When both the concentrations and identities of the com-
overrides them. ponents in a mixture are unknown, it is not possible to obtain
Since the presence of free OH was inferred fromby analytic methods the pure components speéti&hen

an evaluation of IR spectra of aqueous acetonitrilethe number of components in a mixture is known—either

%. Real spectra of orthogonal species
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directly or by factor analysis—then the dimension of theing them impossible to separate. This reduces the chemistry
vector space in which all the mixtures can be represented ispace effectively occupied by aqueous acetone to five water
known giving a set of orthogonal spectra. The problem therdimensions.
is to obtain the appropriate linear combination of these or-
hogonl shect oYl e e component 8] ShECUS APPEND b: RESIDUES FOLLOWING SPECTRAL
' . " fIATRIX MANIPULATIONS
must be realno negative valugsThese conditions are nec-
essary to interpret the spectra in molecular terms. To obtain the spectra of the pure principal components
In the present work, both spectra of pure liquid waterwith real spectra and MFs, it is necessary to modify the
and acetone are obtained experimentally giving real non omprincipal spectra obtained in Paper I. Since this is achieved
thogonal spectrgconsistent with the definition Both spe- through matrix transformations, we ensure here that the resi-
cies are pure componeriesxclusive one from the otheand, dues are not altered by these manipulations. This exercise
therefore, are orthogonal species. Any partial subtraction dhdicates that it is not necessary to repeat the full FA proce-
one from the other produces negative bands and/or $aghoi dure when the principal spectr&?) are modifed, provided
features, which indicates that the resulting spectrum is athat these are obtained from the same set of experimental
abstract spectrum. spectra ngp) selected from the whole set of experimental
spectra Gq,).™ In matrix notation,SZ,, giving spectra &)
of nonorthogonal principal factors and selected MFs of the

3. The H,0-D,O mixture: An example experimental spectra used as principal fact®)s

A first step in the FA procedure is the determination of Shp=S"xP (B1)
the number of principal factors. Each principal factor definesgng
an individual dimension in the chemistry space of the mix- o
tures. The case of light-heavy water mixtures is a good Sexp=S XMF. (B2)

O . . '
example’ 7_\é\éhen RO and DO are mixed, HDO IS |gtsP’ represent the matrix made of the molar spectra of the
produced?’"* However, HDO being in equilibrium with  orincinal orthogonal factors, we have the relation
H,O and DO cannot be obtained pure. The spectrum of

“pure” HDO is usually obtained by taking three spectra, Ssxpz SP'xP’. (B3)
pure HO, pure BO and an equal mixture of the two, then
subtracting the spectra of the pure species from that of th
mixture gives the HDO spectruM.However, the resulting SP=si xP L (B4)
spectrum showed sigmoids which is an indication that th . . .

mixture contained more than three species. In Ref. 10, Wintroducmg Eq.(B3) into Eq.(B4) gives
showed that it contained five principal factors because of the SP'xp'xp~1=5P. (B5)
interactions of the neighbor molecules. Ip®+-D,0 mix- Finall lacinas® in Eq. (B2) with that in Eqa.(B5) ai
tures, only two spectra are known from experimental mea- inally replacingS™ in Eq. (B2) wi at in Eq.(B5) gives
surements: Pure J@ and pure DO. By considering the sexpzsp’xp’xp‘lx MF (B6)
neighbor and next-neighbor situations we found that nine

different water species were present. Therefore, Iight—hea\/9nd

water mixtures belong to a nine-dimensional chemical space Se =S X MF, (B7)
that has nine orthogonal speciésxes. Since some of the P

nine species evolve concomitantly when thgDconcentra- with

Ienverting Eq.(B1) gives

tion is changed, FA cannot sort their IR spectra. Thus only pME’=p’xP~1xMF. (B8)
five principal IR factors were obtained: Two represent the ) ) -
pure single species: @ and DO: two represent two spe- Equation(B8) proves that the residues are not modified

cies each and the last one represents three water speci¥d1en the principal factors are different than from originally
These five factors, being exclusive the ones from the other?etermmed but calculated with the same experimental spec-
ra.
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