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To better understand the complex equilibria involved in the UNEX process for acidic solvent extraction of
radionuclides, the interaction of a carbamoylphosphine oxide ligand (L) with the proton of hydrated chlorinated
cobalt(lll)dicarbollide acid, H[Co(&BsHsCls),], has been studied in wet 1,2-dichlorethane (DCE) solution
using IR and NMR £.C and®'P) spectroscopy. The formation of two groups of complexes has been determined.
The first group contains three complexes with 1:1 composition of acid to ligand (Scheme 1). The second
group of complexes has 1:2 composition in the equilibrium, shown in Scheme 2. Within each group, the
complexes differ in composition only by the number of incorporated water molecules. The equilibria (Schemes
1 and 2) are both very sensitive to the content of self-associated water in solution and are driven by its
concentration, which is unsteady and depends on the solution preparation history. The simultaneous presence
of both anhydrous|( II') and hydrated I{l , llla, V) proton solvates indicates that the enthalpies of
carbamoylphosphine oxide complex formation with, HH;O™", and HO," are very close to each other.

Introduction [Co(C:BgHsCl3)] 7, is an interesting conjugate base for study,

Mod hods for th . ¢ radi . because the anhydrous acid (HCCD) has recently been deduced
odern methods for the separation of radioactive wastes are; v superacidl.

based on classic solvent extraction technologies. At present, two The study of the molecular state of proton solvates and
such extraction technologies have been developed: the transup, qaosolvates is also of fundamental importance in solution-
ranic extraction (TRUEX) process and the universal extraction phase chemistry and biology.Many of these studies involve
(L.JNEX) process. Both Processes are base‘?' on the USé I8 ( compounds with very strong H-bonds, and most use vibrational
d|-n-butylcgrbampylmethyl)d|phenylphosphme oxide (QMPO) (IR and Raman) spectroscopy, which is the most efficient
as the actlve_actlmde extractant. The UNE.X Process 1s b"S_‘S_edtechnique for elucidation of the nature of HhH,O-mL species

on metal cation exchange for the proton in a unique acidic \ i strong H-bond&#° Stepwise formation of proton hydra-
mixture of QMPO,.pon(gthylene glycol), .and the chlorlnated tosolvates formed in tributyl phosphate (TBP) solutions of strong
cobalt(lll) dicarbollide anion (CCD)lts main advantage isthe iy (hydrated HFeGIHCIO,, and HCI) has been studied in
simultaneous recovery of all major radionuclides in a single detail0-12 The proton is in the form of the 4@, cation, which
process. However, the extraction characteristics of the solution is located in the water core of reverse micelles nea7r the water/
are d.ependent onthe prepa}ration his'Fory, sugge§ting that UNEXTBp interface and bound with two TBP molecules of the core
solutions are complex mixtures with many intermolecular . ation shell via H-bonds. Diphosphine dioxides, which are
interactions. For example, while preparing the UNEX solutions more basic than TBP, form two types of complexes with
for tests? it was found that three separately prepared fresh hydrated HCCD acid, in wet DCE solutions: anhydrous
portions with the same composition (0.08 M CCD, 0.02 M complexes containing a symmetriccfO—H*—0 .=P rou
CMPO, 0.6% PEG) extracted europium(lll) with distribution withpvery strong H-t?ondg and cc()::%nplexes coétain)ilgg)ﬁp
coefficients differing by more than a factor of 2. If solutions cation?® Under the same conditions, crown ethers and poly-
are first heated to 80C for 5 min and then cooled, their (ethylene glycol)s form kD*-L and Hg,&)f-Ltype complexes
extractability becomes reproducible and even improyes. Thus'with specific bifurcated and cooperative H-borfdSMPO is a
further development of the UNEX process is constrained by an 1,6 ‘complex reagent, because it contains three functional
insufficient understanding of the mechanism associated with the proton acceptor groups of different types=@, C=0, and
complicated extraction process at the molecular level. Com- RRoN T '
plexation of poly(ethylene glycol) with hydrated chlorinated '

cobalt(lll) dicarbollide acid (hydrated HCCD) is known to be

reproducible and has been studied in détaiThat is why the ©\(|)| ﬁ
investigation of CMPO interactions with hydrated HCCD in wet P \/c
organic solutions, as well as the dependence of the structure Y
and composition of species formed on the preparation conditions,

is of key importance. The large, hydrophobic CCR&nion,
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TABLE 1: Composition of Series A Solutions 1 Day after
Their Preparation?

solution Cempo C:-I_CIgD Cgi/lllgdo Ceupo CgMPO
1 0.01 0.0090 0.01 0.0028 0.0072
2 0.02 0.0174 0.02 0.0054 0.0146
3 0.03 0.02 0.0294 0.0122 0.0172
4 0.04 0.02 0.0336 0.0155 0.0181
5 0.05 0.02 0.038 0.0196 0.0184
6 0.06 0.02 0.0395 0.0195 0.02

aValues in mol/L. The HCCD concentration in all solutions is
constant and equal to 0.02 mol/L

by mixing calculated volumes of standard HCCD and CMPO
solutions prepared using weighed portions of the reagents.

IR spectra were recorded using a BOMEM MB-102 FTIR
spectrometer (30 scans, 4 chresolution). Liquid solutions
were recorded using a cell with Cawindows with 0.04 mm
spacing in the frequency range 466820 cntl. Solid com-
pounds were recorded as thin films of amorphous products
prepared by evaporating several drops of the solution on the
surface of Si windows (frequency range 4620 cntl).

NMR data 1P, 13C) were acquired using SXP-308R) and
MSL-400 Bruker {3C) spectrometers with operating frequencies
of 121.47 and 104.61 MHz, respectively, at 2D. Chemical
shifts were calculated from external 85%HRO, and tetram-
ethylsilane.

strengthens the assumption that there is a relationship between patermination of the Concentration of Free and Proton-

extraction nonreproducibility of freshly prepared UNEX solu-
tions and the peculiarities of CMPO complexation with hydrated

HCCD.

Bound CMPO Molecules.IR spectra of solutions-16 consist
of overlapping spectra of the following components: (i) DCE
solvent, (ii) water dissolved in it, (iii) “free” CMPO molecules

We propose that these peculiarities arise from a self- (i.e., not bound to HCCD), and (iv) compounds with a general

association of [FhH,O-mL*]An~ ion pairs that is very sensitive
to the conditions of solution preparation. For exaniflstudies
of benzene solutions of§@*(Carb), where Carb = carborane

formula [H"-nH,O-mL]CCD~, where L= CMPO,n = 0,m >
1, which are the subject of our study. To isolate their IR spectra,
it is necessary to subtract spectra—(jjji) successively from

ion (CCD" is a carborane), show that the dual presence of both the initial spectra. The concentrations of “free” and H-bonded
hydronium ion and benzenium salts leads to solubility of the ~pPO can be determined during this procedure. Thus, upon

latter, GH7"(Carb), despite its insolubility as a single com-

subtraction of the spectrum of DCE saturated with water from

ponent. This can be explained if aggregates of polar ion pairs the |R spectra of the solutions, the bands 3677, vs 3592,

of H3O*(Carb) incorporate polar ion pairs of &, (Carl).

ando 1607 cnt! of dissolved water are also subtracted along

In a related example, the aging of benzene solutions of vty the spectrum of the solvent. If the spectrum of uncomplexed
HsO"(Carbr) in contact with its solid phase leads to a subtle cppo molecules, which are the equilibrium mixture of

transformation of the tribenzene solvates(H-3CsHg]Carb™
to the more tightly ion-paired monosolvates[bi-CegHg-Carbr].

This can only be explained by an accompanying disproportion
reaction which produces insoluble benzenium ion salt, a minor
quantity of the soluble kD," salt which, in aggregates, favors
the change in D" ion pairing!® In the case of UNEX

anhydrous and hydrated molecules (eq 1)

CMPO+ nH,0 < CMPGnH,0O 1)

is subtracted with a subtraction facfdahat allows for complete
compensation of the bands ot® molecules in CMP@H,0O

solutions, the aggregation of polar IPs may also be responsiblenydrates, then the(P=0) band at 1200 cnt of “free” P=0

for the peculiarities of its behavior.

groups (Figure 1b) as well as all other bands of excess CMPO

In the present work, we report our IR and NMR study of the - are also simultaneously subtracted. The resulting spectra belong
complexes which CMPO forms with hydrated HCCD acid in  to the complexes [F+nH,O-mL]CCD~ under investigation, and

wet DCE solutions, prepared at different conditions.

Experimental Section

only such spectra will be considered hereinafter.
The concentration of uncomplexed (anhydrous and hydrated)
CMPO molecules is determined using the equamgﬁﬁpo =

1,2-Dichloroethane (DCE) of chemical purity grade was Cawpo X f, Where Cgpg is the CMPO concentration in its
purified using standard methods. Chlorinated cobalt(ll) dicar- standard water-saturated DCE solution. The spectrum of the

bollide CCD (90% in H-form and 10% in Na-form) from
KatChem (Czech Republic), andll (\-di-n-butylcarbamoylm-
ethyl)diphenylphosphine oxide (CMPO) from VEKTON (St.
Petersburg, Russia) were used without any additional purifica-

latter is used for subtraction. The concentration of CMPO bound

with the cation via the 2O group is evaluated a8und =

Cypo — Chee,  The results obtained are reported in Table 1.
The IR spectra of solids isolated from solutions-6}

tion. CCD was converted into 100% H-form (HCCD) by mixing developed a band of freesfO group at 1200 crmt. Subtraction

its DCE solution wih 3 M H,SO, aqueous solution for 5 min.

of this band using the spectrum of solid CMPO (thin amorphous

Four series of solutions with constant 0.02 M HCCD film on Si window surface) made it possible to isolate the spectra
concentration and 0.01 to 0.06 M CMPO concentrations in 0.01 of the complexes under study and determine the molar fraction
M increments (solutions 1 through 6, Table 1) were prepared of free CMPO. Hence, the molar fraction of CMPO H-bonded
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Figure 2. IR spectrum of the solid phase isolated from solution 2. It
belongs mostly to compleix The bands of the CCDanion are marked
by asterisks or subtracted in the region 12@00 cnt* (dashed line).

dependent on the preparation temperature and the time of aging.
Therefore, we have studied a set of solutions prepared &€ 15
(series A and B) and 2022 °C (series C and D). The IR spectra
of these series changed during the first several hours after their
preparation but after 24 h attained a constant state. That is why
we recorded the IR spectra of freshly prepared solutions (series
B and C) and the same solutions after 24 h (Series A and C).
1200 1150 1100 If solutions from series AD with the same CMPO/HCCD ratio
Wavenumber (cm™) are evaporated on the surface of Si window, the IR spectra of
Figure 1. IR spectrum of a DCE solution of 0.02 M HCCB 0.06 these four solid films coincide, irrespective of the solution
M CMPO (solution 6 from series A; see Table 1) in the-B (A) and preparation history. Hence, first we shall discuss the IR spectra
P=0 (B) frequency range after subtracting the spectrum of solvent of the solids isolated from solutions under consideration.
and dissolved monomer water (spectrajn Spectrumb is obtained Solids. A complex with 1:1 composition should be formed
by subtracting froma the spectrum of *free” CMPO up to complete i, sample 1 (see Table 2), because HCCD is in excess relative

compensation of the bands of® molecules in CMP@H;O hydrates - —0O) — 1
(A) and the band/(P=0) — 1200 cn1™ of “free” P=0O groups (B). to CMPO. Its IR spectrum contains band€=0) = 1653 cnT

Spectrumb belongs to complexV . andv(P=0) = 1150 cnm! w_hich are different from those of
free CMPO and characterize CMPO molecules bound to a
TABLE 2: Composition of Solid Products Isolated from cation. These bands of the formed complex, hereinafter denoted
Solutions 1-6 (see Table 1) asl, are more intense in the spectrum of sample 2 where the
sample olfee a CMPO,ound HCCDP molar ratio CMPQoundHCCD = 1. The IR spectrum of complex
1 -0 05 | (Figure 2) does not contain bands from water but does show
2 ~0 1.0 a broad absorption in the frequency range 168200 cnr?,
3 0.085 1.373 with the so-called A £2700), B (2230), and C (1805 cr)
4 0.162 1.675 Fermi resonance structurts}8 that characterizes H-complexes
5 0.26 1.85 with O-+*H—0, O-+*H—N, or N:+*H—0 fragments having strong
6 0.32 2.04 asymmetric hydrogen bonds. The shift of t{@®=0) band to
2 Ratio of free CMPO relative to total amount of CMP@Molar lower frequency by 50 crt indicates that the oxygen atom of
ratio of coordinated CMPO relative to HCCD. the P=O group forms an H-bond of moderate strength. The

_ _ ~ C=0 group cannot be involved in H-bonding, because the
via the P=O group was determined, and the average statistical ,(C=0) frequency actually increases (by 16 ¢ncompared

stoichiometry of complexesC&%/Crccp Was calculated  to the free ligand. This increase can occur only if comglex

(Table 2). includes protonation on nitrogen forming ar-@®1—N fragment
with a strong H-bond. Nitrogen protonation increases participa-
Results and Discussion tion of the O atom lone pairs in the carbonyl double bond,

o ) increasing the bond order am{iC=0). Therefore, the structure
The IR spectrum of the [Co@BoHsCl3)z]~ anion in the ion of | is represented as

pairs [H"-nH,O-mL]CCD™ under study is always the same and

does not depend on the cation composition or the solution cH, Yo

preparation conditions. This indicates that the interaction of the N / ~c”’ M

large, weakly basic [Co(#BgHsCls)2]~ anion with different N /

cations is so weak that it is not reflected in their IR spectra and O-H=N—

may be neglected. That is why hereafter we shall consider only

the IR spectra of cationic complexes of the ion pairs. The IR spectrum of is identical to that of a similar complex

The IR spectra of water-saturated DCE solutions of 0.02 M formed in extracts from concentrated perchloric acid by CMPO
HCCD and 0.030.06 M CMPO (i.e., solutions 46) are solutions in DCEL?
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Figure 3. Dependencies on the total CMPO concentration of: the and after (spectrurb) subtraction the/(C=0) band at 1634 cr of
concentration of all types (mono- and bidentate) of CMPO molecules the monodentate-bound CMPO molecules.
bound with proton via the®PO group for series A and B (lina); the

concentration of bidentate-bound CMPO molecules (witdgroup) C2ypds the CMPO concentration in a standard solution, fand
for series A (linec) and for series B (lind). is the subtraction coefficient. Then, the total concentration of
bidentate CMPO molecules in complexesand lll can be
' i bi bound
When the CMPO/acid molar ratio grows above 1, bands of -gicylated ach o= Ccound _ cmono | (Taple 1).

a second compleXl() appear in the IR spectra. Their intensity The spectra of solutions 1 and 2 also contain bang3637
reaches a maximum in samples 5 and 6 where the molar ratiogng ,, 3582 cnt! belonging to [HO,*+4H,0] cations arising

CMPQyoundacid = 2 (Table 2). Hence, compleik formed in from excess HCCD (i.e., not complexed by CMFOJhe
molar excess of CMPO has the composition CMPO/HGED  jptensity of these bands can be used (using the spectrum

2:1. The spectrum of this complex is typical of a proton disolvate gyptraction procedure) to determine the concentration of these

[L—HT—L], in our case with the following structure HCCD molecules @eceCD) and HCCD molecules forming
complexesl — Il : Clidep = Chcep — Clee., (see Table 1).
O=C/—CH2 - Then, the averaged CMPO/HCCD composition of compléxes
Phj\P:()—HL():P:Ph and Il can be determined a€2,,o/(Ciicep — Y2CEom2).
Ph ci—cLo Using the data in Table 1, one can find that this ratio is equal
i to 1 for both solutions. Therefore, the CMPO/HCCD molar ratio
is equal to 1 in both complexdsandlll .
Its spectrum has very wide and intense bard§HO) at The best spectrum of compléb is observed for solution 2,
1440 cm! and v,{OHO) at 880 cm?, from the O-H"—0O because overlapping by the spectrum of compleis minor,

group having a very strong H-bond and a single-well proton and one can neglect a very weak spectrum of complé&he
potential with a flat bottom (so-called short, strong, low-barrier spectrum of compleM! is satisfied by the following structure

(SSLB) H-bonds}?-22 Thev(C=0) frequency coincides exactly
H

with the corresponding frequency of the free ligand (1637%m .

Thev(P=0) frequency is not observed in the spectra due to its F>)‘H_O\\ P

abnormal broadening in proton disolvaég? R
Solutions. The concentrations of CMPO molecules bound O\\

to cationic complexes via thesfO groups relative to the total S CHy I

CMPO concentration are practically the same for different
solution series (Figure 3a). However, the spectra of the resulting The»(P=0) band is not observed in the spectrum due to its
compounds are different. This means that they depend on theabnormal broadening resulting from adjacency of tkeCP
solution preparation conditions. group to an G-H*—0O group with an almost single-well proton
Series A Solutions (24 h after preparation af €. The IR potential?324 The small shift ofy(C=0) to lower frequency
spectra of complexes formed in solutions 1 and 2 have threeby 30 cnt! corresponds well to a €0 group bound to a
v(C=0) bands: a weak band of compléxat 1653 cm?t, a hydrated proton with a medium strength H-bond. The extended
more intense band of complak at 1637 cnt!, and a strong absorption of the asymmetrics8™ ion in the 3006-1500 cnt?
band at 1607 cm belonging to a new complex that will be  rangé® and a narrow banad(OH) = 3672 cnt! of one free
hereafter denoted dd (Figure 4). Since the 1637 cthband OH group are also observed.
of complexIl belongs to an unperturbed=® group, it can be The dependence of the concentration of CMR& on its
easily subtracted using the spectrum of free CMPO. (Note: The total concentration in solution reaches a plateau at 0.04 M
v(C=0) = 1637 cn1! band does not overlap with tli&H,0) (Figure 3a, Table 1). This means that complexes with CMPO/
band, because no stretching vibration bands of water moleculesHCCD ratios equal to 2 are formed at higt® o, TWO
in the frequency range above 3000 Cnare observed.) This  intenser(C=0) bands are observed in the IR spectra: a band
allows for better isolation of the €0 vibration band in at 1637 cm! from the free GO group of CMPO molecules
complexed andlll (Figure 6b) and the determination of the with monodentate coordination (via the=® group) and a band
concentration of CMPO molecules in monodentate fashion in of a bound GO group of CMPO molecules with bidentate

complexll (via the P=0O group): CZpmo = Caupox f1, Where coordination. The frequency of the latter is decreased to 1612



Complexes of Proton and Its Hydrates J. Phys. Chem. A, Vol. 110, No. 30, 2008609

cm L In excess of free CMPO (solutions 5 and 6), the
concentrations of the=€0 groups of both types become equal
reaching 0.02 M and coinciding with the HCCD concentration
(Table 1, Figure 3c). Therefore, only one new complex with
molar ratio CMPO/HCCD= 2:1 having one CMPO molecule
with monodentate coordination and a second one with bidentate
coordination is formed in these solution¥ §.

A 1637 1612

\/
P=0

C{I N H+—0—P/— o)
2 P = 2
\ . \CH{ N

_c=0"

v

1650 1600 1550

Thev(P=0) frequency of bidentate CMPO is at 1186 Tin
indicating a medium strength H-bond linking the=© group
with the hydrated proton (Figure 1b). The H-bond formed with
the C=0 group is somewhat weaker than in compléx (Av
decreases by 25 cr). The spectrum of the monodentate CMPO
molecule in complexV is similar to that in complexl. The
extended absorption of the asymmetric hydroxonium ion in the
3200-1500 cn1? frequency range is similar to that observed
in the spectrum of complehl , except that thes(OH) band of
a free OH group is not observed.

Series B Solutions (freshly prepared at’C). The easiest
way to see the differences between the spectrum of a solution
recorded immediately after preparation and the spectrum of the
same solution recorded the next day is to take their difference. Wavenumber (cm™)

The complexes having higher concentrations in the freshly Figure 5. IR spectra of solution 4 (series B) in the frequency range of
prepared solution will give positive differences in absorption C=0 (A) and P=O groups (B): &) registered at once after preparation;
bands, whereas those having higher concentrations in the age g)ct%‘;tfr:a% g"e:))(l;\ls(:)f(?rlf(f)ilﬁgr:e?eagto;nz);nég)lfiovr\:%irt?]felf)daé(b)t)" ‘i‘géo?”
solutlc_)n will have negative |ntenS|t!es in the difference spect(um. cm-* of monodentate CMPO the differenced) — f x (b) with f =
The difference spectrum for solutions 1 as well as for solutions 1
2 show positive bands for (i) self-associated water molecules

(3400 and 1630 cr); (ii) a very weaky(C=0) 1647 cn* 3a). However, when excess of free CMPO appears in solutions,
band of complex (the band of the €0 group of complexll the C2,p dependence 062, for series B becomes signifi-

is practically compen§ated); and (iii) a spectrum similar to that cantly different from that of series A (Figure 3b and c). It
of complexlIll with slightly decreasea(C=0) frequency (to continues to grow linearly and has a sharp ben@%jpo =

1601 cntl) and a more intense absorption in the range of ; : ;
. 0.04 M (solution 4), which corresponds to the formation of a
P= m—l
¥(P=0) 1156-1060 cn™. The spectrum of complell with new complexV with molar ratio CMPO/HCCD= 2.

the »(C=0) band at 1607 cmt had negative intensity. The diff ¢ f fresh and d solution 4 sh
Therefore, fresh solutions 1 and 2 contain self-associated water. ' 1c dIIIEreNce spectrum otiresh and aged soiution 4 Shows
positive intensity bands from bidentate CMPO molecules,

This is known to form when DCE solutions of oxygenated . -

compounds are saturated with water, and it graduall3)// %issipates(c=o) 1612 gml andv(P=0) 1184 cn*, in addition to thoie

with time 2 The presence of such water molecules has practically of self-associated water molecules. THE=0) 163.7 cm .

no effect on the concentrations of complekesdll . However, ba_nd of mono_dentate CMPO molecules hf’J‘S negative intensity

it hydrates complex!l to form complexilla (Figure 5). This observation may be explained by the fact that
complexV, which is gradually transformed into compléx,

Absorbance

1 I I
1200 1150 1100

(H,0)4+ is formed in the fresh solution
: \\P\/ ~J o o L |
=O0. 0= =0.
A A NV NS A N
\\C—c42 CH, H})—H"—O\H CH, —> CH; H/O—H—0=P\— c40
/ \ ) ] / N . cHy N
Ila _c=0" “0=C\ ~C=0
Addition of water molecules to the OH group of hydrated v v

proton results in redistribution of the positive charge toward

the oxygen atom of gD*. This results in a strengthening of The bands of bidentate CMPO molecules practically coincide

the CO--Hz0* bond, decreasing the(C=0) frequency. On in the spectra of complexdé¥ andV. The mostly characteristic

the other hand, the bond of thes®---H;O* bond weakens,  v(P=0) andv(C=0) frequencies of CMPO molecules forming

and the (H)Ot—H—O(P) group becomes less symmetric. This complexed —V are presented in Table 3.

narrows thev(P=0) band, such that it becomes observable as  Series C Solutions (freshly prepared at-222°C). The IR

wide absorption in the 11501060 cn1? range. spectra of this series are similar to those of series A. Unlike
The concentration of CMPO molecules with bidentate coor- the spectra of series B, they have practically no signals from

dination is the same in both series of solution 1 and 2 (Figure self-associated water, whereas changes in the absorption band
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TABLE 3: The v(P=0) and v(C=0) Frequencies of CMPO
Molecules in Complexes +V

Stoyanov et al.

CMPQO,oundHCCD = 2. After that, they do not change with
the further increase of the CMPO concentration.

Compound v(P=0) l(Av) v(C=O)1(Av) NMR was used for the investigation of these solutions
cm’ cm because the absence of hydrated compounds means that fast
“Free” CMPO 1200 1637 exchange processes mediated by water will not be occurring.
i Figure 6 presents théC NMR spectrum of CMPO in DCE
| \/ LY 1150 (-50) 1653 (+16) solution (in the absence of HCCD) and the peak attribution.
- | The peaks of nuclei C1 and C5, and to a lesser extent nuclei
\\0---H+—N— p ’
) C2 and C3, are split by spirspin coupling with théP nucleus.
The peaks from C7 and C8 are observed as doublets, because
11 —p=o—t-o=¢ the butyl groups are nonequivalent relative to the O atom. This
e g * 1637 (0) is typical for dialkyl amide groups. However, this difference is
not resolved for atoms C9 and C10.
) Exchange-averaged peaks from different type of CMPO
- ,,>HH)\\( . 1607 (:30) molecules, those that are free and those forming complexes
YL andll , are observed in tH€C and3P NMR spectra of solutions
’ ’ 2, 3,5, and 6. Therefore, let us discuss in detail the NMR spectra
of solution 1, where CMPO molecules are predominantly in
\p’:o,“\ * 1637 (0) the form of complexl, and solution 4, containing only one
IV d ./”""“'ﬁ,.xi” ) : complexll in the presence of a negligibly small excess of free
N\ ; 1186  (-14) 1612 (-25) CMPO (Table 4).
The interaction of CMPO in compleik with H* via the P=
o, pu O group mostly shifts the NMR peaks of the P atom and C
v & D m<: >c,, 184 (-16) 1612 (-25) atoms nearest to it: C5 of the (P)gigroup and C1 (and C4)
=0 “o=dX of the phenyl groups donating electron density to teOFbond.

The peaks of the more remote C6 and C7 nuclei experience
smaller shifts. In general, the changes of the chemical shifts of
13C and3'P nuclei in complex! are in accord with the electron
density redistribution after bonding of the CMPO molecule with
H* according to the structure of compléx
The chemical shifts of thé3C and3'P nuclei in complex
are also in good agreement with its structure. Protonation of
Series D Solutions (1 day after preparation at-2Z2°C). the N atom together with a simultaneous formation of a strong
The IR spectra of series D are significantly different from all H-bond to the P-O group leads to a considerable downfield
those discussed above. In fact, they are similar to the spectrashift of the C5 line, opposite to that observed for compliex
of the solid phases isolated from the extracts and have practicallyAlso significantly changed are the positions of the peaks of
no absorption bands Of hydrated Compleues_v_ Neverthe_ nUC|eI C7 and even C8. E|eCtI‘0n denSIty ShlftS fI’0m the phenyl
less, the intensities of bands of monomeric water molecules 9roups (C1 moves upfield) to the P atom and (Py@rbup,
dissolved in DCE (3677, 3591, and 1607 ¢inare the same  and further to C6 and the N atom.
as in the spectra of seriesA discussed above, confirming
that solutions of series D are indeed saturated with water.
The spectra of solutions 1 and 2 contain overlapping spectra The results indicate that both anhydrous compléxasdll
of only two complexesl| andll . On passing to solution 3, the  and hydrated complex#$ —V with different numbers of water
intensity of the spectrum of compléxdecreases, and in solution molecules can be formed in water-saturated CMP®ICCD
4, it disappears. On the other hand, the intensities of the mostsolutions containing a constant concentration of monomeric
characteristic for compleht, the broad band§(OHO) ~ 1400 water dissolved in DCE (0.1 M).
cm~! andv,{OHO) = 910 cn1? of its central fragment OH'— Self-associated water plays a key role in the formation of
O, reach a maximum for solution 4, when the molar ratio the different cationic complexes because of ion pair self-

*The v(P=0) band of P=O groups forming very strong-oH*—0
bonds is too broad to identify.

intensities of formed compounds indicate that the equilibria are
shifted toward less hydrated compleXes!, andIV .

Summary and Conclusions

TABLE 4: 13C and 3P NMR Spectra of Complexes I (solution 1) and Il (solution 4)

complexl complexll
CMPO in DCE;
nucleus atom o ppm{J(P-C), HZ A% ppm o ppm{J(P-C), HZ A% ppm o, ppm{J(P-C), HZ
5C C1 125.492 —-4.8 127.3108 -2.9 130.2 106}
Cc2 131.2 14 130.5 0.7 129.8
C3 132.2 0.1 132.2 0.1 132.1
c4 136.6 2.6 136.5 25 134.0
C5 (P)ChH 42.6 5.9 34.366.1 -25 36.7{71.2
C6 C=0 169.8 4.9 166.8 1.9 164.9
C7 CHy(N) 52.6; 50.6 3.0 50.5; 48.4 0.9 49.6; 46.9
Cc8 30.8;29.8 -1 31.4;30.1 -0.4 31.8;30.4
Cc9 20.7 -0.2 20.9 0 20.9
C10 14.2 14.2 14.4
31p P 40.8 15.7 39.0 13.9 25.1

a Shift relative to the corresponding peak in free CMPO.
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Figure 6. 13C NMR spectrum of CMPO in DCE solution (the spectrum of the phenyl groups is presented in expanded scale). Peaks are labeled
according to the numbering scheme shown for CMPO. Solv denotes the signal of DCE solvent.
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association. This self-association is similar to micelle formation temperature is increased or the solutions are aged, the micelles
and is seen in solutions of strong acids in organic solvErits. are destroyed, and water is isolated in the form of a separate
In the benzene solutions ofsB*Carlbr, it is responsible for phase without change in the concentration of monomer water
variability in neighboring environment of the ;8™ cation, dissolved in DCE. The present investigation shows that self-
changing the IR spectrum of the hydronium #rin associates  associated water significantly affects related processes involving
of tetrachloroferrate acid, HH,0)FeClL~, formed in tributyl CMPO.

phosphate solutions, it is responsible for the incorporation HCI  The stepwise shift of equilibria (1) and (2) (Scheme 3) from
in reverse nanomicelles of definite compositidWe have also left to right occurs in solution as self-associated water is taken
identified self-associated water in DCE solutions of poly- from them. This is possible only if the formation enthalpies of
(ethylene glycol) and crown ethers with HCCD, and its behavior complexed, Il , andllla in equilibrium (1) or complexel ,

and properties are similar to that of micellar wat&klhen the IV, and V in equilibrium (2) are close to each other. For
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complexes in equilibrium (2), this means that the proton acceptor & Development Foundation for the Independent States of the
properties (basicity) of oxygen atoms in the=® group of Former Soviet Union.

CMPO and water molecule bound to CMPO are comparable.

This is one of the reasons for the sensitivity of eq 2 to hydration References and Notes

levels and contributes to the nonreproducibility of the extraction (1) Romanovskiy, V. N.; Smirmov, I. V.; Babain, V. A.: Todd, T. A.:
process. The similarity of the basicity of these two oxygen atoms Law, J. D.; Herbst, R. S.; Brewer, K. Ibobent Extr. lon Exch2001, 19,

; 1-21.
(see asterisks below) (2) Herbst, R. S.; Law, J. D.; Todd, T. A.; Romanovskiy, V. N.;
Smirnov, I. V.; Babain, V. A.; Esimantovskiy, V. M.; Zaitsev, B. Sep.
Sci. Technol2003 38, 2685-2708.

|
—P=0, (3) Varnek, A,; Wipff, G.; Famulari, A.; Raimondi, M.; Vorob’eva,
/ ‘H T.; Stoyanov, EJ. Chem. Soc., Perkin Trans.2002 887—893.
H,C >0* (4) Stoyanov, E. S.; Reed, C. A. Phys. Chem. 2004 108 907—
913.
\ _ ,.-H (5) Juhasz, M.; Hoffmann, S.; Stoyanov, E.; Kim, K.-Ch.; Reed, C.
,£=0 A. Angew. Chem. Int. E®004 43, 5352-5355.

(6) Schuster, P.; Zundel, G.; Sandorfy, The Hydrogen Bond. Recent
Development in Theory and Experimentdorth-Holland: Amsterdam,
is not too surprising, because a significant increase in the 197‘(37?)V31|5ﬁ1—3- 6 A S v Bonding in Biological
- . R . . effrey, G. A.; Saenger, CHydrogen Bonding in Biological
basicity of a water molecule forming two H-bonds with basic g crres Springer-verlag: Berlin, 1991.
molecules is well-known. For example, the=O group of butyl (8) Ratcliffe, C. I.; Irish, D. E. IlWater Science Réews Franks, E.,
acetate is more basic than a monomer water moleule. Ed.; Cambridge University Press: Cambridge, 1986; p 149.

- _ (9) Librovich, N. B.; Sakun, V. P.; Sokolov, N. D. Hydrogen Bond
However, the basicity of a double-solvated water molecute (C Sokolov, N. D.. Ed.. Nauka: Moscow, 1981: pp 17211,

O-+*H—0—H:::0O=C) increases to such an extent that it — (10) Stoyanov, E. SJ. Chem. Soc., Faraday Trank997, 93, 4165~

surpasses the basicity and proton acceptor properties of the buty#174.

acetate €0 group. Evidently, this feature of a water molecule ,(L1) Stoyanov, E. SJ. Chem. Soc., Faraday Tran998 94, 2803~

leads to the formation of the variety of proton hydratosolvates (12) stoyanov, E. SPhys. Chem. Chem. Phyk999 1, 2961-2966.

in solutions, and their concentrations will be dependent on the  (13) Stoyanov, E. S.; Smirnov, I. \0. Mol. Struct.2005 740, 9-16.

presence of “excess” micellar water in solutions. The unsteady , (4%) Sio¥anoy, & S Vorobieva, T. P.; Smimov, 1. 3tStruet. Chem.
and not always reproducible concentration of this type of water ~(15) stoyanov, E. S.; Kim, K.-Ch.; Reed, C. A.Am. Chem. So2006

leads to corresponding variability in the position of equilibria 128 1948-1958.

(1) and (2) (16) Detoni, S.; Hadzi, DSpectrochim. Actd964 20, 949-955.
’ . (17) Claydon, M. F.; Sheppard, N. J. Chem. Soc. 1969 1431-
If complexed, Il , andllla (orll, IV, andV) have different 1433.
abilities to exchange a proton for a metal cation, this may be __ (18) Odinokov, S. E.; logansen, A. \&pectrochim. Actd972 28A

one of the reasons why the extraction properties of HCCD/ 23‘(11352?3?&% S.; Ratajczak, H. Chem. Phys1982 73, 77-85.

CMPO solutions in DCE depend on their preparation history.  (20) Romanovski, H.; Sobczyk, IChem. Phys1977, 19, 361—370.

(21) Librovich, N. B.; Sakun, V. P.; Sokolov, N. @hem. Phys1979

. 39, 351-366.
Acknowledgment. We thank Professor Christopher Reed (22) Sokolov, N. D.; Vener, M. V. Savel'ev, V. Al. Mol. Struct.1988

for his role in communicating this work. This work was 177, 93-110.
supported by the United States Department of Energy Envi- gig g:gzzgg& E ?Sﬁ?gefﬁe%"%ﬂgﬂf?ﬁ ygdologcz)_lﬁzs'? 1148
ronmental Management Science Program (EMSP project 81995) (25) Smol'skaia, E. L.: S.toyanov', E. S Egutkin, N. Sobent Extr.

and by award no. RC2-2342-ST-02 of the U.S. Civilian Research lon Exch.1991, 9, 649-675.



