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sential because we deal with intensity spectra. Briefly, the
orthogonalization procedure with two principal factors is
simple:33 On cach principal factor spectrum the amount of
the other is subtracted to its maximum with the criterion of
non-negative intensities and non-negative MFs. The same
procedure is repeated with the other principal factor. The
subtractions are increased until satisfactory results are
obtained, providing the orthogonalized spectra.

IV. RESULTS AND DISCUSSION
A. Temperature variations of the cell

A series of background spectra were obtained with the
empty cell as the temperature was varied. FA applied to this
series gave four factors. The first three represent the compo-
nents of a second order polynomial varation: Oy{P)=1,
0,(» =7, and O,(»)=7. Those dealing with the cell dimen-
sion variations are the ZnSe rod, Teflon seals, and stainless
steel cmling.s‘lso’) After a complete heating cycle, the MFs of
these do not go back exactly to their initial values because of
small alignment modifications that must be precisely evalu-
ated. Other minor variations may come from the optical sys-
tems of the spectrometer. Although these are not taken into
account by the FA procedure, they must be evaluated for
possible bias.

The fourth principal factor was obtained from the empty
cell at 90 °C. This factor, important only below 1600 cm™,
is due to the absorption of the ZnSe crystal whose intensity
varies with temperature in that region. This band was simu-
lated with the high frequency edge of a Cauchy band cen-
tered at 593 cm™!, an intensity of onc, and full width at half
height (FWHH) of 32.5 cm™' following the relation: /(%)
=1/[1+(¥-593/32.5)%]. Sincc the intensity varies in the
same proportion as the temperatures between 29 and 90 °C,
the MFs vary linearly between zero and one with variations
in temperatures from 29 to 90 °C. After a complete heating
cycle, the absorptivity of the cell’s rod is the same as
in the beginning. This gave us confidence in the system
reproducibility.

B. Water ATR spectra FA results
1. The number of water principal factors

The FA procedure was applied with two water principal
factors for light and heavy waters. The starting temperature
and the high temperature plateau were selected because both
lemperature regions were stable enough to obtain between 20
and 50 spectra within a tcmperature variation less than
+0.06 °C. These were averaged to form the principal factor
spectra with reduced noise.

Base line and other corrections were added to the two
watcr factors (hot and cold ones) to form the factors specira.
To these the water and CO, vapor spectra were added as
factors since residuals of these were observed in the spectra
despite the nirogen purging system. Finally, the Teflon
O-rings flatten a little in the heating cycle, which causes tiny
variations of the 1147 and 1202 cm™! bands. Since the posi-
tion of these does not vary with temperature they were elimi-
nated with a ninth factor in the FA procedure. All the cor-
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recting factors are very weak and do not influence the water
spectral analysis. However, removing them improves the
quality of the experimental water spectra. The FA results of
the IR spectra of liquid water (H,O and D,0) give two and
only two principal factors in the temperature range of
29-93 °C.

2. Base line correction of the two water principal
factor spectra

We carefully corrected the base line of the retrieved prin-
cipal factor spectra with the principal water factors dcter-
mined from the ATR spectra.

Correction of the spectrum of the 29 °C sample. Wilh
the optical water properties reported for light water at 25 °C
(Ref. 17) and heavy water at 22 °C,'® the base line correc-
tion was made on the cold {29 °C) sam_Flc spectra. From the
infrared water refractive index values'”'® and the ZnSe re-
fractive index, the ATR spectra of water were
recalculated®*® for light and heavy waters. The residual wa-
ter and CO, vapor spectra were removed from the water
spectra. Also, the Teflon bands were removed because of
their proximity with the heavy water deformation band. Once
these easily subtracted bands were removed, the base line
adjustment is undertaken using the three components of the
second order polynomial function in order to maximize the
match between the present experimental ATR spectra and the
recalculated ones. The base line adjustment was made be-
tween 5500 and 650 cm™! in regions where there is no band.
Since only minor differences exist between the standard ref-
erence specu'a”‘18 and ours, it indicates that the correcting
procedure is adequate and gives us confidence in the spectral
corrections at the other temperatures. Notwithstanding these
remarks, we found below 750 cm™' a few errors in the D,0
refractive index reported in Ref. 18. These were corrected
before using them for the standard D,O spectrum.

Spectrum corrections of the 93 °C sample. Both H,0
and D,0 hot spectra {91.2 and 93.1 °C, respectively) were
corrected in the same fashion as the cold ones. Any other
perturbations than the base line were first removed. Second,
the ZnSe absorption band modification was removed propor-
tionally to the sample temperature.

Since there are no standard data reported for H,O and
D,0 near 90 °C as for cold light and heavy waters, the base
line was adjusted in the following way using the three com-
ponents of the second order polynomial function: (i) The
same intensity is used in the 5500-4400 cm™' region
(55003150 cm™! for D,0); (ii) a reasonable intensity is
maintained in the 2700-2500 cm™" region (1950-1800 cm™!
for D;O) where the spectral minimum decreases slightly
with temperature while being red shifted. However, since
both the combination and stretch bands are lowered and
shifted away from this minimum, we considered that the hot
minimum intensity in this region was about 33% that of the
cold water one; and (iii) the v, maximum of the hot water
was kept slightly above the cold one (1%—4%) since this
band narrows and increases in intensity with temperature.
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FIG. 1. Seven of ahout 500 water ATR-IR spectra at different lemperatures
of (a) H,0 and {b) D,0. From 1op 10 bottom the lemperatures are 31, 41, 51,
61, 71, 81, and 91 °C.

3. Corrected experimental ATR water spectra

With the corrected spectra of the water principal factors,
and the entirc set of MFs for the series of 500 spectra, we
calculated the new MF's with the following e,quznion:30

(MF"),, = (P");, X (P} X (MF),. (3)

where (P}, is the MF matrix of the principal factors before
the corrections (this matrix is simply the unit matrix) and
(P')s, is the principal factor MF matrix used for correcting
the two water principal factor spectra. In (P’)N, only the
MFs of the two water principal faclors are modified com-
pared to (P) . Therefore, the individual cold and hot water
MFs as well as the residue spectra remain unchanged
through this MF transformation.

The MFs related to base line and other perturbations are
used to correct each of the 500 experimental ATR spectra.
For reasons of clarity, only seven of the light and heavy
water spectra are shown in frames (a) and (b) of Fig. I.
However, the evolving pattern of the spectra is clearly seen.
Because the 29 °C spectra have the most intense bands, they
are the upper ones. With increasing temperature, the spectra
evolve continuously with an overall intensity decrease. Tak-
ing into account the isotope effect, light water [Fig. 1(a)] and
heavy water [Fig. 1(b)] spectra are very similar.

4. Free OH (OD) absorption

The amount of free OH (OD) in liquid water is still a
matter of debate.®” There was no evidence of free OH/OD in
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FIG. 2. ATR specira of liguid water in e [ree OH (OD) regions: (1) H.O
and (b) D;0. Spectra are the same as in Fig. 1. In (a) the IR spectrum of
saturated water in CClg (25 pm) is added for comparison.

I dealing with H,0/D,0 mixtures at room temperature.
However, this situation could change with temperature.

To determine the location of the free OH stretch bands,
we first looked at CCl, saturated with water, where v; of
H,0 at 3707 cm™! (FWHH of 32 cm™!) is assigned to free
oH.*% Although the bands in this system are weak we
wanted to determine the lower intensity limit where free OH
could be observed. For this we made an IR study of metha-
nol in liquid hexane where we found that most of the OH
stretch absorption appears near 3350 cm™', which was as-
signed to H-bonded groups.“0 However, a very small band at
3654 cm™! (FWHH=35 cm™!) was found that was assigned
to free OH. The concentration of this species is very weak at
less than 5 mM in the mole fraction between 0.252 and
0.067 (2.5 and 0.5 mol, respectively). This sets our lower
limit capability of detecting free OH in liquid water.

With these references, we looked closely in the 3800—
3400 and 2800-2500 cm™! ranges of light and heavy waters,
whose spectra are presented in frames (a) and (b), respec-
tively, of Fig. 2. In Fig. 2(a), a broad band centered near
3620 cm™! with a FWHH of 100 cm™' shows an intensity
increase with temperature. This band cannot be assigned to
free OH because its position is too low and its broadness is
too wide. As in I, this band is assigned to v, +v;,. The ap-
parent fixed position is due to »; which is almost not shifted
and to v, which is slightly red shifted"® accompanied by an
intensity increase. The combination band intensity increase
with increasing temperature is related to that of the libration
band.”® The same arguments apply to the D,O band near
2660 em™! [Fig. 2(b)].
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FIG. 3. (Color online) Water principal factor spectra of (a) H,0 at (1)
31.0 °C, (2) 91.1 °C and (b) D,0 a1 (1) 29.0 °C and (2) 93.1 “C.

As a result of the above considerations, no “free” OH
(OD)-type absorption (posifion near 3700 cm™' and FWHH
<40 cm™) can be detected in Fig. 2(b). This indicates that
no free OH (OD) is present in liquid water from room tem-
perature to 93 °C, which is almost at its normal boiling
point. These results confirm that (i) there is no free OH (OD)
in liquid water at 29 °C; and (ii) increasing the temperature
does not produce any free OH (OD). This indicates that in
the bulk the H-bonds that water molecules make between
them are maintained as the temperature is raised. Further-
more, the two principal water factors are nol related to any
hydrogen bond breaking. This agrees with rccent computed
results indicating that the local hydrogen-bonding network
remains largely intact between —35 and 90 ° C where it was
concluded that the temperature impact is minimal occurring
within 2.0 A of a central molecule (target moleculc).‘”

5. Principal water factor spectra

The two principal water factor spectra are presented in
Fig. 3: In {a) for H,O, where (1) and (2) stand for the cold
(30 °C) and hot {92 °C) water spectra, respectively, and
similarly in Fig. 3(b) for D,0. Light and heavy waters show
the same pattern: (i) The broad stretching band (3400 and
2500 cm™! for H,O and D,0, respectively) seems blue
shifted and its intensity decreases with increasing tempera-
wure; (i) the deformation band (1638 and 1205 cm™, respec-
tively) is very slightly shifted with an intensity increase; (iii)
the combination (2150 and 1550 cm™!, respectively) and k-
bration (~650 and <600 cm™, respectively) bands are red
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FIG. 4. (Color online) MFs of water retricved from FA and OH/D strelch
intensities of (@) H,O and (b) D,0. (1) MFs of cold and (2) hot water; (3)
OH/D integraicd intensities with the experimental results as dashed lines
and {ull lines as linear fits. In cach plot onc curve is for the temperalre
increase and the other is for the decrease.

shifted: and (iv) the combination band (5150 and 3850 cm™!,
respectively) 1s slightly blue shifted with no intensity
variation,

The major difference between D,0 and H,O in Fig. 3 is
due to the small amount of OH in D,O (~0.3% H/D)
(Ref. 42) that produces the small OH stretching band in the
D,0 spectrum close to 3450 cm™! and two perturbations in
the D,0 combination band (1550 cm™!), one due to HOH
(very small shoulder) and another due to the HOD deforma-
tion bands (~1640 and 1470 cm™!, respectively). The OH
stretch vibration observed in the D,O sample [Fig. 3(b)] is
blue shifted with increasing temperature.

6. Water MFs

The MFs retrieved from the ~S500 samples relative to
the two waler principal factors are shown in Fig. 4: (a) H,0
and (b) D,0. Both the cold (1) and hot (2) MFs slightly
deviate from a linear relation with temperature. They both
display a small second order variation. The OH and OD
stretch integrated intensities have been computed in the
ranges of 41002600 and 3000—1900 cm™!, respectively.
They both display a near linear relationship with temperature
[dotted curves (3) in Fig. 4]. The thick lines are the best
linear fit for the integrated OH (OD) intensities. The small
second order polynomial observed in the MFs of water is in
agreement with that previously reported by Maréchal over
the -5 to +80 °C range.'9

icp.aip.oro/jcpicopyright.jsp



064503-7

0.05

(a)

0.00

o
14
£ -0.05
o
<
2
o
o
= R
¥ 0054 (B
<
0.00 ‘
-0.05 . —— . : !
4630 3650 2650 1650 650
Viem™

F1G. 5. Residue specura from the difference between calculated and cxperi-
mental spectra (Fig. 1) for (a) H;0 and (b) D,O. Note a 19 intensily scale
expansion between Fig. 5 and that of Fig. 1.

7. Residue spectra

One obtains a clear indication of the accuracy of the FA
results by looking at the residue spectra. The difference spec-
tra (experimental spectrum minus the recalculated one) are
illustrated in Fig. 5 for each of the spectra in Fig. 1 (with an
intensity scale increased by a factor of 19). These are repre-
sentative of the 500 residue spectra. The “null” spectra show
only nojse whose intensity is stronger in regions of low light
intensities where strong absorption bands are present (voy,
Suom, and ¥1 wow, Yo, Soons and vz pop, respectively) and
in the region where the IR beam is weak (>4050 cm™!). The
noise level is a little higher in the light water spectrum than
that of heavy water because the IR beam intensity is lower in
the oy than in the vgp region.

A small similar sigmoid pattern is observed in the stretch
regions of both the H,O and D,O residue spectra. In D,O the
cleaner look comes from the weaker noise. Because of the
residue similarities some effort was made to introduce an-
other factor in the FA procedure. This was fruitless because
the sigmoid intensities are less than 0.8% of the band inten-
sities. For the residue spectra to indicate the presence of
supplementary species, they must be about 2% or more of
the main bands in the spectra. In the case in point, we give in
I the FA with three principal factors for the spectra of the
H,0-D,0 mixtures: H,O, D,0, and HDO at room tempera-
ture. The resulting sigmoids, which were about 3% in am-
plitude, indicated the presence of supplementary factors. In-
troducing them in the procedure led to five principal factors

Factor analysis of temperature dependent IR spectra of H,0/0,0
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FIG. 6. (Color online} Liquid water difference spectra between cold (30 °C)
and hot (92 °C) factors: (a) H,0, (b) D,0, and (c) supcrposition of the H,O
spectrum  with  that  of D,0 scaled w0 that of H,0
(97X 1.35).

in that system. With these the noise level for the worst case
was around 0.6%, which was attributed to variations in tem-
perature. Consequently, the residue pattern shown in Fig. 5 is
not from a third factor; we tentatively attribute it to some
second order perturbations originating from the spectrometer
since these are more intense with strong absorbers and
narrow bands.

Other possible sources for the sigmoid palterns observed
in Fig. 5 are (i) the portion of water molecules that transform
from one water species to another through the constant pro-
ton hopping. This portion of course varies with the respective
concentrations; it is obviously at its highest when the two
species are in equal amounts. Due to the double weight of
the deuteron compared to the hydrogen atom, the transition
time could be slightly Jonger, which, in turn, could explain a
slightly greater sigmoid in D,O than in H,O; (ii) the pressure
inside the cell varies due to variations in temperature. It var-
ies in a nonlinear way due to the nonlinear variation in water
vapor pressure as a function of (emperalure.“3 The conclu-
sion in this section on the FA of ATR spectra
(6000-650 cm™') of liquid water (both light and heavy) is
that they are both composed of two principal factors whose
abundances vary with tcmperature.

C. Difference ATR spectra: Cold minus hot water

The evolving pattern of the water IR spectrum with tem-
perature js clearly illustrated in Fig. 6, which shows the dif-
ference specitra between the cold and hot factor spectra
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[frames (a) and (b) for light and heavy waters, respectively].
In frame (a), the difference spectrum indicates that an in-
crease in temperature causes the OH stretch massive absorp-
tion of light water (3500-3000 cm™") to be blue shifted ac-
companied by a decrease in intensity. The deformation band
at 1638 cm™! is not displaced, but its intensity has increased
with some narrowing; the libration band v, (<650 cm™") is
red shifted. Because of our spectrum limit at 650 cm™!, we
cannot indicate exactly the intensity behavior of this band
with temperature. The combination band v,+v; near
2150 cm™! is red shifted with a decrease in intensity. Not
only is this displacement in accord with the lack of displace-
ment in v, and the red shift of v;, it confirms the assignment
of this band. Another combination band (5250-5050 cm™"),
which is blue shifted, agrees with the blue shifting of ¥ and
v3 massive absorption.

In frame (b) a very similar pattern is observed for heavy
water with, however, a general bathochromic displacement
because the deuterium atoms have replaced the hydrogen
ones. The major difference is in the OD stretch region, where
a shouider ncar 2500 cm™ is more prominent than in light
water.

To emphasize the similarides between light and heavy
waters, we rescaled the heavy water spectrum by a factor of
1.35 to match the light one. The result in frame (c) indicates
a very close match between the two spectra. Not surprisingly,
the scaling factor is very close to D,0/H,0 isotopic ratio
(34/18)2. The two traces show only minor differences that
come essentially from the presence of a small amount of
HOD in D»O (~0.3% H/D). This is illustrated by the band
near 4500 cm™!, which is attributed to OH stretch of HOD at
3350 cm™ (X1.35=4520 cm™) and to a small kink near
1960 cm™' which is atwibuted 10 &yop at 1450 cm™!
(X1.35=1960 cm™!). Notwithstanding these minor differ-
ences, the almost perfect match between the two curves il-
lustrates clearly that the influence of the temperature is the
same on light and heavy walers.

D. Orthogonalization
1. Pure water species spectra

With the principal water factor spectra in Fig. 3 being
experimental, these factors are not orthogonal. A similar situ-
ation was obtained with aqueous salt solutions. ¥ @315 we
use the same orthogonalization procedure successfully used
there. Essentially, this is a curve extrapolation technique de-
scribed bricfly in what follows.* Let us assume that the prin-
cipal water factors (the experimental spectra S and Sﬁ) are
made of two pure species (spectra S5 and S},’,), that is,

Si=aSS+ () - a)Sh,
)
Sh=bS5+(1-b)SP,

where ae[1,0] and be[0,!]. With this equation, the
orthogonal principal factors are

J. Chem. Phys. 129, 064503 (2008)
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FIG. 7. (Color online} IR speetra of the two orthogonalized water principal
factors: (a) H,O and (b) D,0. (1) cold specics and (2) hot specics.

(1-b)Si—(1-a)sh

S = a-b '
Q)
h bS; = aS;
S, = .
b—a

Hence, the method is o increase {l—u) and b values
independently to their maximum limit taking care that no
ncgative band appears in the resulting extrapolated spectra.
This operation is made without any other restriction.
Figure 7 shows the resulting spectra assigned to two pure
liquid water factors in (a) and (b) for light and heavy waters,
respectively. The  extrapolation procedure enhances the
difference between the two water factors, which are now
exclusive one from the other.

Due to the ATR characteristics that probe the sample
through the evanescent wave, the best comparison of the
species spectra is obtained after correction of the ATR spec-
tra for the number of molecules involved. This is done by a
normalization process involving the sample densities and re-
fractive indices.> This correction requires first the evaluation
of the temperaturc in the resulting pure species. With this
temperature, the corresponding values of the sample refrac-
tive index and density are calculated from the literature
values,*? Figure 7 illustrates the ATR corrected spectra of the
two pure water principal factors. These can now be evaluated
quantitatively. Since the spectra of the water factors are now
pure, a specific detailed analysis of their band componenlts is
possible.
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The comparison between the cold (race 1) and hot (trace
2) spectra of liquid light water (frame a) shows that tempera-
ture influences only slightly the deformation band near
1650 cm™'. However, the OH stretch massive absorption
near 3400 cm™! is slightly blue shifted with the temperature
increase but accompanied by a significant intensity decrease
of almost 36%. The far IR (FIR) bands (Fig. 7) show only
the far from resonance absorption of a Jower frequency band
which is presented clsewhere.!” This FIR band is red shifted
accompanied with a large intensity decrease with a tempera-
ture increase. In frame (b) a similar situation is observed for
liquid heavy water. As indicated in I and in other aqueous
electrolytes so]ulions,w‘13 the massive mid IR (MIR) bands
are made of the fundamental modes accompanied by satel-
lites originating in the FIR. Therefore, there is a relation
between the FIR band absorptivities and those in the MIR.
However, since the FIR spectra were obtained by transmis-
sion measurements and those in the MIR were by ATR mea-
surements, the two regions cannot be added to obtain a com-
plete  spectrum. Only after extracting the optical
characteristics of each region will it be possible to make such
a splice. This is in the works. Thereafter the spectral charac-
teristics of the four water orthogonal principal factors (two H
and two D) will be extracted and evaluated.

The important conclusion of this section is that pure lig-
uid light and heavy water samples are made up of two fac-
tors, one cold and one hot, whose abundances vary with
temperature. Of course, the cold factor is more abundant at
low temperature and the hot one at high temperature. How-
ever, the transformation of the cold factor to the hot one is
done without involving free OH group formation. Moreover,
we establish unambiguously that in the bulk liquid water free
OH groups are not present in the whole liquid temperature
range.

2. Temperature limit of the pure water speciles

Having at hand the values of a and b in Eq. (4), one can
make another MF transformation, similar to that done for
correcting the experimental spectra for base line and other
perturbations, 10 obtain the temperature limit of each factor.
Equation (3) is used again 1o obtain the water sample MFs of
the pure water species whose spectra were obtained in the
precedjng section. The results are shown in Fig. 8 where the
decreasing thick lines represent the MFs of the cold species
and the increasing thick lines that of the hot species. These
lines represent the ~500 MFs obtained from the experimen-
tal samples berween 29 and 93 °C. The thin lines are the
second order polynomial fit of the experimental data, and the
broken lines are the complement of the cold species MFs.
There is a slight divergence between these and those of the
hot species MFs because the sum of the experimental MFs in
Fig. 4 differs slightly from 1.00. This small divergence
comes essentially {rom the variation of the density that obeys
a cubic relationship. This is not incorporated in the MFs.

With the second order variation of the experimental
MFs, we made the extrapolation to their limits to obtain their
temperature. At =22 *5 °C the relative abundance of the
pure cold water species is one (trace 1, where MF=1.00),
which indicates that pure water at this temperature is com-

Factor analysis of temperature dependent IR spectra of H,0/D,0
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FIG. 8. (Color online} MFs of the two principal factors of water after or-
thogonalization: {(a) H,O and (b) D,0. The full lines arc the second order
polynomial it of experimental results from Fig. 4, which are indicated as
larger lines: (1) cold water and (2) (red) hot waler, respectively. The doted
line is the complement of cold water to unity. Dashed lines are the fitted
results from Maréchal (Ref. 19, 1991) and the full triangics arc the FA
results of Zelsmanp's FIR spectra (Ref, 10, 1995). The cstimated tempera-
ture fitnits of the orthogonal factors are -22 and +118 °C for H,O and D,0,
respeclively.

posed uniquely of the cold species. Similarly, at 118§ x5 °C
the relative abundance of the pure hot water species is one
(trace 2, where MF=1.00) indicating that, at that tempera-
ture, pure water is composed uniquely of the hot species. As
the temperature is increased, the abundance of the cold spe-
cies decreases monotonously while that of the hot one in-
creases. Likewise, frame (b) of Fig. 8 shows the MFs curves
with their extrapolation for liquid heavy water. These curves
are similar to that of liquid light water and the extrapolation
values are the same. This is not surprising because the freez-
ing and boiling temperatures at normal pressure of heavy
water are almost the same as that of light water.?

What is the meaning of the temperature of =22 °C ob-
tained for the limit of the cold-water species 7 Within experi-
mental limits, this value is comparable to the value of
—38 °C obtained for the freezing point of supercooled water
at normal pressurc.“5 This indicates that the cold water spe-
cies is similar (maybe the same) as that of supercooled water.
Consequently, since normal water is made of “cold” and
“hot” water species and one can be transformed into the
other, the {reezing temperature can be lowered to —38 °C
experimentally, or evaluated spectroscopically to —22 °C, by
allowing all the hot water species to be transformed into the
cold water one. In either case the temperature is well below
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the normal freezing temperature of water at 0 °C. The pres-
sure influences the freezing temperature in the supercooled
é:xpen'me:nL45 This together with the cell conditions may ex-
plain the difference between the experimental ~38 °C and
our extrapolated —22 =5 °C. Recall that this value is ob-
tained in the water bulk at near atmospheric pressure; there-
fore the wall conditions do not influence the values obtained.

E. Discussion concerning the water species

The situation is now clear: Liquid water is made up of
two factors in equilibrium. As the temperature is modified,
one factor is transformed into the other. For the pure waters
(H,O and D,0), we have identified in 1 the factors as the
pure species OH, and OD,. These are made of an oxygen
atom surrounded by two hydrogen atoms covalently bonded
and two hydrogen atoms that are H-bonded. The difference
between the pure hot and cold species is not yet determined.
However, there is no free OH group. Notwithstanding proton
hopping, the heating of water while maintajning the two co-
valent bonds and the two H-bonds transforms the cold spe-
cies into the hot one until the equilibrium is reached for a
given temperature. Then there is evaporation at the hot tem-
perature limit and crystallization at the cold-water limit.

1. Comparison with Maréchal’s results in MIR

Similar results were reported by Maréchal.'” From the
ATR spectra of H/D water and mixtures between -5 and
80 °C, he concluded that three isotopic species represent all
the isotopic mixtures. Furthermore, each of the three water
isotopic species was found to be composed of two different
spectra: A low temperature one and a high temperature one.
These results were obtained after transforming the ATR
spectra into the complex dielectric constant &' and " (an
approximation of these because the low frequency region is
lacking in the ATR spectra).“6 Although these transforma-
dons have some merit because they refiect adequately the
dielectric environments, they are not necessary to obtain
quantitative information on the system from the ATR spectra,
which is the case here.”**

Nonetheless, Maréchal found that two water species
make up the pure isotopic liquid waters. ' Using a different
approach than the one presented here, he found that the hot
water species content followed a second order polynomial
function of the temperature. Althougl measurements were
made between —5 and 80 °C, the function uses the 0 and
75 °C samples as references, giving them the relative con-
tent of 0.0 and 1.0, respectively. After extrapolating to the
limiting temperatures established in this work, we plot (he
Maréchal function in Fig. 8 as a broken line in order to
compare it with our results. The match is excellent in the
experimental region (29-93 °C). There is a little dispersion
between the two results in the lower temperature extrapo-
lated region, but this is well within experimental error. This
verification indicates that the present results and their analy-
sis corroborate those of Maréchal, and is a further proof that
liquid water is made of two species: One hot and one cold.
Further, the validity of our second order polynomial fit is
established. Recall also that IR spectroscopy is a benign
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method that perturbs the molecules probed very little,
making sure that their covalent bonds and H-bonds are not
modified during the analysis.

2. Comparison with Zelsmann’s results in FIR

Zelsmann made some measurement of pure light and
heavy waters in the FIR region between 30 and 450 em11
Six transmission spectra of light water were obtained be-
tween -5 and 81 °C and five spectra of heavy water between
4 and 81 °C. Although the number of spectra is very limited,
we nevertheless successfully applied the FA procedure to
these data. Two principal factors were retrieved for light and
heavy waters. In Fig. 8, the MFs of these factors are plotted
as full triangles in frames (a) and (b}, respectively. The liquid
water MFs from the FIR data follow the same pattern as our
500 odd MIR spectra of light and heavy waters. The slight
deviations between the points and the curves are attributed to
the noise and the very small number of FIR spectra. Note
that the MFs obtained in the FIR below our lowest tempera-
ture (29 °C) fall on the extrapolated curves in frames (a) and
(b) for light and heavy waters, respectively. This gives cre-
dence to the FA used and is further proof of the validity of
our second order polynomial fit. Furthermore, this indicates
that in the two regions (6000-650 and 450-30 cm™") cover-
ing almost the entire IR spectra region two different water
factors are present in the temperature range of liquid water
(H/D).

3. Gigahertz region

Measurements in the gigahertz range (0-100 GHz, that
is, 0-3.3 cm™") indicate a continuously evolving Fattem of
waler permittivity with increasing temperalure.g'“' 2 The ab-
sorption in this region is atiributed to two Debye relaxation
processes, which js best described by a classical process
rather than a quantum one. Consequently, this small spectral
region will be excluded from the analysis at higher frequen-
cies, where water absorbs in the energy levels best described
by quantum levels. However, when a clear picture of the
molecular organization ernerges from spectra at higher fre-
quencies, the gigahertz region will be reconsidered.

4. Energies

If some H-bonds were broken in the 0-100 °C range,
free OH groups would be generated. In Sec. IV B 4 we de-
termined that no free OH groups are formed in that tempera-
ture range. Is this consjstent with an energy analysis of this
system? Below 0 °C water is in the ice state where each
water molecule makes four H-bonds giving fully hydrogen
bonded molecules. At temperatures higher than 100 °C
(and normal pressure) water is in the vapor state without any
H-bonds. Recall that water needs 6.0kl/mol for
melting,‘”'49 absorbs  7.5kJ/mol to heat it from
273 10 373 K, and finally absorbs 40.8 kJ/mol to vaporize
at 373 K¥ Therefore, water absorbs 54.3 kJ/mol from ice to
vapor, which gives 13.6 kJ/mol to break one H-bond if one
considers all four H-bonds to be equivalent. This is a value
higher than the 7.5 kJ/mol needed for liquid water to be
heated from 0 to 100 °C; consequently, not one H-bond is
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broken in this temperature range. This argument is consistent
with the spectroscopic evaluation of this system.

Moreover, we determined from our results that a water
molecule near the boiling point still has four H-bonds, so that
(40.8/4=) 10.2 kJ/mol are needed to break one H-bond.
Even this energy is higher than the energy needed to heat
water from 0 to 100 °C.

5. Molecular models of liquid water

Data treatment of the water spectra can be carried out
without an exact model of the molecular organization. How-
ever, the intcrpretation of the spectra requires it. Two oppo-
site molecular models exist for liquid water, and the argu-
ments for one or the other model provide vivid
discussion.'*° Essentially these deal with the hydrogen-
bonding configuration of the water molecules. On the one
hand there is the two-state model that indicates that the water
molecules have two distinct organizations where one is trans-
formed into the other as a function of (emperature.'q'23 On
the other hand there is the continuous model that consists of
numerous H-bonds the population of which is progressively
modified with v.emperarure.50 Implications of the model pro-
posed by Smith er al. are discussed further in the Appendix.

The discussion on the water organization mode! is not a
major topic when establishing standard water spectra. How-
ever, when dealing with physical description of liquid water
we have to distinguish between the two opposite models.
First, the two-state model is simple to describe: The hydro-
gen bonding of liquid water has two different states or orga-
nizations that generate two distinct calegories of molecules
the quantity of which varies inversely with temperature. This
does not preclude anything on the interchanging law between
both states; this question will be answered later with the help
of the entire water spectrum that represents the totality of the
intra -and intermolecular vibrations. Some models have
already been proposed.l'19 The two-state model is fully
compatible with the quantum aspect of the vibrations
involved whose fundamental modes are restrained to limited
(requencies.

The continuum mode! arises from a continuous variation
of O-H---O hydrogen bond angles and distances.>® Consid-
ering a typical H-bond of liquid water situated near
600 cm™!, its continuous variation with temperaturem is eas-
ily explained with the two water factors whose abundances
vary with temperature. Similarly, the continuous relationship
between the H-bond frequency and the O-H---O-H
distance™! may not be a continuous property of the hydrogen
bond but a distribution of distinct states that can be fitted by
an analytical function. Recent results militate against the
concept of a continuous distribution of H-bond distances in a
given system. Water and methanol in acetone or in acetoni-
trile, two strong H-bond acceptors, display a few distinct
H-bond regimes that have distinct OH stretch vibration
characteristics."*"**5? From these a new result also was ob-
tained: The OH stretch (requency of a H-bonded OH group
largely depends on how many H-bonds the oxygen atom it-
self accepts.“'m This indicales that the correlation between
the OH stretch frequency and the H-bond strength is not
straightforward. In the above studies it was not possible to
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describe the evolving system using continuously varying
H-bond configurations: The different H-bonding configura-
tions were very distinct, with well-resolved IR spectra.

Furthermore, the OH stretch absorption bands of metha-
nol and water molecules that are isolated in acetone are very
broad (>90 cm™'), whereas there is no competition between
different H-bond configurations—the only one possible is ac-
etone accepting the H-bond from either methanol or water
molecule (two acetone molecules in the latter case). This
indicates that the broadening of the OH stretch band is not
related to a conlinuously varying H-bond configuration, as
proposed by Smith er al.

Lastly, the rapid (in the femtosecond range) and frequent
(in the picosecond range) proton hopping that occurs along
the three-dimensional H-bond network is generally not taken
into account in molecular dynamics and other simulations.
This phenomenon is an important part of the strong three-
dimensional H-bond network that liquid water and alcohols
make. The importance of OH networking was made evident
in a recent publication on methanol diluted in n-hexane.
Even at very low methanol concentrations the H-bond net-
work is preferred by methanol molecules, leaving only very
few methanol monomers having their OH free.

The results that we present above indicate clearly that
the two-statc model is the one that best explains the situation
of the molecules in liquid water. However, when one looks at
the spectra in Fig. | we observe a progressive variation of the
absorption bands with temperature, and one is tempted to
explain this variation as a variation of the molecule param-
eters. The FA on the whole IR spectrum (FIR and MIR) of
liquid light and heavy waters shows that this explanation is
erroneous because the analysis indicates clearly that two fac-
tors emerge from the process whose abundances vary pro-
gressively with the temperature. From the statistical model
the two factors are made of two chemical species with fixed
parameters. However, the abundances of these vary with
temperature, which explains the continuous variations ob-
served in the spectra.

V. CONCLUSION

From our experimental results obtained by IR of light
and heavy waters in the temperature range of 29-93 °C and
on the direct factor analysis of the 500 odd spectra of each
substance, we arrive at the following conclusions. (1) Two
factors are obtained for light and heavy liquid waters that we
have coined cold and hot waters. (2) The spectra of the two
orthogonalized factors are presented. (3) The abundance
curves of the two factors as a function of temperature
(29-93 °C) are presented. (4) The curves of these were ex-
trapolated to their limits giving the temperature limits from
-2210 +118 °C (=5 °C). (5) The curves are almost the
same for H,O and D,0. (6) These results confirm the previ-
ous ones obtained by Maréchal in the temperature range of
-5 10 80 °C."® (7) the FA results of Zelsmann's spectra ob-
tained in the FIR between 30 and 450 cm™' for H,O and
D,0 in the temperature range from -5 to 81 °C fall on the
distribution curves of the present results. (8) This indicates
that the spectra of the two orthogonalized factors obtained
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for each H,O and D,O in the IR region from
30 to 5000 cm™' are reliable and can be used to reproduce
the whole IR spectra of liquid light and heavy waters in the
temperature range from -22to 118 °C. (9) No free OH
group is formed nor present in that temperature range. (10)
The consequence of this is that the energy added with the
increase of temperature is not sufficient to break a H-bond.
This agrees with the energy evaluation of this system. (11)
With a clear picture of the situation of liquid water we are
better off to understand the situation at the limit of viability
of the pure factors. (12) At the lower temperature (=22 °C)
the pure liquid factor freezes and at the higher temperature
(+118 °C) the pure liquid factor boils off. (13) For the ordi-
nary liquid it secms that a fraction of the two factors are
necessary for the cohesiveness of the liquid. At 0 °C the
pure liquid (of light and heavy waters) is made of 72% of the
cold factor and 28% of the hot factor. At 100 °C the pure
liquid is made of 93% for the hot factor and 7% of the cold
factor (also for light and heavy walters). Beyond these limits
the liquid freezes or boils. What triggers the freezing and
boiling of ordinary water is not yet clear.

The slatistical model of liquid water given in I indicated
that 16 oricntations surrounding a target molecule are pos-
sible. Recall that in bulk water every molecule can be a
target molecule. These gathered into three different configu-
rations for a target molecule gives nine (3 X3) different
physical entities or species. In I we showed that, at room
temperature, the IR spectra of pure liquid waters (H and D)
and mixtures of these revealed five factors. Each of these
could contain more than one entity. The present result indi-
cates that the pure water species (light and heavy waters) are
made of two entities that we have coined hot and cold wa-
ters. Five factors each would make a total of ten factors.
Recall that the target molccules of liquid water are made up
of one oxygen atom surrounded by four H or D atoms, de-
pending on the mixtures. Since we found no evidence of
“free” OH along the temperature ramp, the O(H/D), organi-
zation persists throughout the ramp. This result indicates
clearly that the popular and often-cited model of Stillinger
containing a distribution of free OH groups47 is not valid.

If the Stillinger model is not valid, what can we propose
to replace it? For the time being we cannot do this because
we still have some homework to do. However, we can use
the path indicated in I. That is by measuring a sufficient
number of water (H/D) mixtures in the temperature range
between 29 and 93 °C and applying FA to the results should
give us more information on the water structure: If ten prin-
cipal factors are retrieved, this will indicate that the OH,D;
(i+j=4) structure exists in two configurations, one cold and
one hot. If not, this could indicate that the cold and hot
structures are larger entities than the OH,D; cell. Work is in
progress on that path to complete the puzzle.
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APPENDIX: POPULATION OF PRINCIPAL FACTORS

The following contains an analysis of the situation de-
picted by Smith ez al® 1t is assumed that a very high number
of different H-bonding configurations are present in liquid
water, the population of which evolves with teraperature. Let
N be the number of molecules in a given sample. This popu-
lation is distributed into m states i of different energies £,
which produces a specific spectrum. Let P; be the population
at energy state E; that varies with temperature 7. Hence

m

N=3 PdT). (A1)
=1

For the special case in which each population P; varics simi-
larly with temperature between two populations ny; and ny;
related to two lemperature limits 7, and T, one gets

PN =a(Diny;+[1 - a(D]ny;,

a{T)) =1, (A2)
a(Ty)=0.

Where a(T) can be any function. Equation (A2) implicitly

relates to P{(T))=ny; and P{T;)=n,,. Therefore, Eq. (A1)
can be written as follows:

N(T)=2{U(T)'l|i+[1 —a(T)ny}=N. (A3)
=1

Equation (A3) can be separated into a sum of two terms,

N =N=23 {aDn+ AL - a(Dlng). (A4)
=1 =1
Hence,
N(T) =N=a(D)2 (n}+[1 - a(D]Z {na). (A5)
i=1 =1
Let us define populations F| and F, as follows:
Fi=N(T})=2{n}=N,
i=1
(A6)
F2=N(Tz)=z{”zi}=N-
i=1
Therefore, the population N(T) becomes
N(T)=a(T)F, +[1 - a(D)]F,. (A7)

This expression indicates that the population property
N(T) is made of two subpopulations defined by Eq. (A6)
which are expressed by two factors: F; and F,. These are
called principal factors by opposition to noise factors. Defin-
ing a molecular species to be related to all molecules (the
same chemical compounds) with the same energy state indi-
cates that two factors can be retrieved, each of which could
be made of many different species. Such is the situation of
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Smith e al.> that, bowever, could not generate orthogonal

factors because the two factors would have populations in all
available energy states.

Can the above situation exist in water? If so, the ny;
population of one species would be transformed to the ny;
population when the temperature passes from 7 to 7,. This
is similar to looking at two different organizations each one
having a very specific population distribution that transforms
from one into the other as the temperature varies. Such a
situation was reported in I for the water H/D mixtures at one
temperature with a very limited number of species. For these,
factor analysis of their IR spectra retrieved five factors.
These were explained by nine species made from three
chemical species (H,0, HDO, and D,0) with the molecular
ratios of (1:0:0), (1:1:0), (1:4:1),(0:1:1), and (0:0:1). These
were related to OH;D; with i+j=4 where the oxygen atom
makes four bonds, two covalent, and two H-bonds. The spe-
cies rapidly and frequently switch from one to another
through proton hopping between neighbors. Note that the
nine species are gathered into the five factors retrieved. After
orthogonalization their IR spectra showed their particular
characteristics. The above argumentation in water H/D
mixtures cannot hold for a large number of energy states
(as described in the Smith model) that involve 100 many
molecules at large distances from one another.
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