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B kauecmee nepeozo 6xnaoa 6 nayuHoe HanpasieHue no UCC1e006AHUI0 MEPMOOUHAMU-
YeCKUX U YU3UKOXUMUYECKUX CEOUCME He U3YUABUIUXCA PAHEe 600HbIX PACHEOp 06 N,N-Oumemu-
amuomouesunst (1,1-IMTM) ovuiu noyuensl npeyusuonmble OaHHble NO HIOMHOCMU PACH G0-
P06 IMO020 «ACCUMEMPUULHO-3AMEUICHHO20) COeOUHEeHUA 8 800e medxcdy 278,15 Ku 318,15K (c
wazom 10 K) npu ammocgheprom oaenenuu. Hcxoosn u3 pe3yibmamos 0eHCUMEMPUUECKUX U3Me-
PpeHuil, ObLIU paccuumansl 36 UCAULUE OM MEMRePanmypsl CmaHoapmusle (napyuaibHsle npu
deckoneunom pazbaenenuu) monapuvie odvemvl V9 u pacuupsemocmu E ;’,'2 pacmeopennozo 6
600e 1,1-/IMTM. C ucnonv3oganuem JumepamypHsiX OGHHBIX 1O COOMEENLCIN Y IOWUM 00beM-
HbIM CBOIICEAM KUCI0p0Ocodeprcauezo ananoza — N,N-oumemuamouesunwt (1,1-/IMM) — ¢
800e, 0bL10 00CYIHCOEHO éuUAHUE OKCO—mUOKco-3amewienus ¢ 1,1-/IMM (c oopazosanuem 1,1-
JIMTM) na cmpykmypHo-ynakogounsie 3¢hghexmul, unoyuup o6annwle 2uopamavuei pacmeopeH-
HO20 coeOuHeHUs NpuU paznuynvix memnepamypax. Ilpeononosrceno, umorgppexm neznauumens-
HO20 ygenuueHus c60000H020 (UCKIIOUEHHO20) 00beMa WU «PA3PLIXTICHUA) CIMPYKMYPHOIL yna-
Ko8Ku 2udpamuozo komniaexkca npu 3ameusenuu 1,1-JIMM na 1,1-/IMTM obycnosnen 6 yeinom
CHUDICCHUEM MePMUYECKOll CIaduIbHOCIU 00paszyouuxca zemepoxomnonenmnwvix H-ceaseil
Yemanosnen neopounapuviii paxm moxcoecmeennocmu 6 usmenenuu V9 kax npu okco—muo-
Kco-3ameujeHuu 6 u3omepubvix N-Oume mun3ameujeHHbIX npou3600HbIX MOYEBUHbL, MAK U HPU CO-
Omeen cmeyiouwux IKeUMOoNeKyaapuslx nepexooax om N(1,1)- k N(1,3)-memun-cooepocanium
HPOU3600HBIM MOUEBUHBL UTTU MUOMOUYEBUHBL 6 800e. Kpome mozo, 6bL10 noomeepitcoeno panee
6bIOGUHYHL0€ NP EONOTIONHCEHIE 0 MOM, YN0 KaAXHCOblil u3 pyuxkyuonanvuoix >N(1)-u>N(3)-pac-
MEHmM 06, C8A3AHHBIX C MUOKAPOOHUTbHOU (>C=S)-2pynnoii MoieKy/bl AIKUT-3AMEUWEHHO20 NP O
U3600H020 MUOMOYEBUHDL, COTIbEAMUPYENIC 8 600€ HE3AGUCUMO, KAK U 8 YCMAHOG]ICHHOM AHA0-
ZUYHOM CTIyyae ¢ KapooHuibHbIMU (OKCO-3aMeUieHHbIMUL) AHATI0ZAMU.
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As a first step to investigating the thermodynamic and physicochemical properties of previ-
ously unstudied aqueous solutions of N,N-dimethylthiourea (1,1-DMTU), precision data were ob-
tained on the density of solutions for this “asymmetrically substituted” compound in water between
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(278.15and 318.15) K, in 10 K increments, at the ambient pressure. Based on the results of density
measurements, the temperature-dependent standard (partial at infinite dilution) molar volumes V%
and expansibilities E;,z for 1,1-DMTM as a solute in water were calculated. Using the available
literature data on the corresponding volume properties for the oxygen-containing counterpart,
N,N-dimethylurea (1,1-DMU), in water, the influence of oxo—thioxo-substitution in 1,1-DMU, to
form 1,1-DMTU, on the temperature-dependent structure-packing effects of the solute hydration
was discussed. It was inferred that the effect of a slight increase in the free (excluded) volume or
“loosening ” of the structure packing of the hydration complex atthe replacement of 1,1-DMU with
1,1-DMTM is in overall caused by a decrease in the thermal stability of the heterocomponent H -
bonds formed. A non-trivial fact of the identity in changing V9 at both oxo—thioxo-substitution
in the isomeric N-dimethyl-substituted urea derivatives, and the corresponding equimolecular
transfers from N(1,1)- to N(1,3)-methyl-containing ureas or thioureas in water was established.
Also, the previously advanced assumption that each of functional >N(1)- and >N(3)-fragments
bonded with the thiocarbonyl (>C=S)-group of the molecule of the thiourea alkyl-substituted deriv-
ative is solvated independently in water was confirmed, as in the similar case with the carbonyl

(oxo-substituted) counterparts.

Keywords: N,N-dimethylthiourea, N,N-dimethylurea, aqueous solutions, hydration, volumetric molar

characteristics
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INTRODUCTION

Dimethyl-substituted thioureas, like the re-
lated carbonyl- or oxo-containing derivatives [1-10],
are among the most interesting bioactive heterofunc-
tional compounds of the urea (U) family that perturb
the water structure in different ways due to distinct in-
teraction effects [9,11-14]. This is because the hydro-
gen-bonding ability of the >N—C(=S/O)—N< grouping
in an agqueous medium is influenced by peculiarities of
attaching each of two hydrophobic methyl substituents
to nitrogen atoms [14]. According to inferences [7], ro-
tational dynamics of water molecules, which is domi-
nated by H bond strengths, is significantly impeded in
the presence of N,N’-dimethylurea (1,3-DMU) and only
weakly by isomeric N,N-dimethylurea (1,1-DMU). This
difference (in the electron density distribution) directly
relates to the excluded volume effects during a solute
hydration. Restricting the excluded volume near only
one of nitrogens in the hydrated 1,1-DMU molecule
leads to a weaker “perturbation” of the water’s rotation
dynamics [5-7]. It is obvious that the similar “distribu-
tion pattern” is characteristic of equimolecular sulfur-
or thioxo-containing N-dimethyl-substituted U deriva-
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tives, too. Hence, useful information on the structure-
packing and interaction-related effects in aqueous so-
lutions of interest can be derived analyzing the molar
volumetric properties of each of the compared solutes
over a wide temperature range.

Based on the inspection of existing literature
sources, the required data on the standard (partial at in-
finite dilution) molar volume V.,°[= V,°] and expansi-
bility Eg'z = (0Vy/0T), are available for 1,3-DMU
and N,N’-dimethylthiourea (1,3-DMTU) [3, 8, 9, 15],
aswell as 1,1-DMU [1,8]. Unlike the symmetric coun-
terpart 1,3-DMTU, any data on physicochemical and
thermodynamic (including volume-related) properties
for the isomer-asymmetric N,N-dimethylthiourea (1,1-
DMTU, see in Fig. 1) as a solute in water are currently
absent at all. This is largely due to the complexity of
synthesizing and purifying procedures for this com-
pound [16, 17], which is why its cost is an order of
magnitude higher than that of 1,3-DMTU. Besides,
there are some limitations to use of 1,1-DMTU. It is
not very stable and can degrade in the presence of light
or heat. This thiourea (TU) methyl-derivative is also
not very soluble in water,which canlimit its use in cer-
tain experiments.
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Fig. 1. Structure of the N,N-dimethyI-2-thiourea (1,1-DMTU)
molecule with nitrogen and carbony| C atoms numbered (3D-ver-
sion: B3LYP/6-31G*, Gaussian 09-D.01)

Puc. 1. Ctpykrtypamoneky sl N,N-TUMeTHI-2-THOMOYEBHHEI
(1,1-IM TM) ¢ Hy Mep arieii aTOMOB a30Ta U Kap OOHUIBHOTO yT-
nepona (3D-Bepcusi: B3LYP/6-31G*, Gaussian 09-D.01

Nevertheless, the structure features of 1,1-
DMTU in the own solid-phase (crystalline) state were
comprehensively studied [18, 19]. Unlike the “cognate”
1,1-DMU, whose molecules in the crystal are “aligned
along their dipole moment vectors”, 1,1-DMTU mole-
cules are packed as centrosymmetric dimers within
layer-corrugated (orthorhombic) crystalline structure
[5, 19]. The latter, being formed by N—H- - -S=C hydro-
gen bonds, has in overall a denser molecular packing
[19, 20]. The S atom accepts two such H bonds being
less stable than N—H---C=0-bonds, since the z-bond of
the thioxo-group is more polarizable compared to the
carbonyl (oxo-) analogue in the 1,1-DMU molecule
[14, 19, 21]. Meanwhile, based on the data from ther-
modynamic experiments for aqueous 1,3-DMTU and
1,3-DMU [1, 3-5, 8, 11-13, 15], it should be assumed
that oxo — thioxo-substitution in the 1,1-DMU mole-
cule during its hydration can lead to a pronounced
structure-packing (volume-related) changes against the
background of redistribution in the effects of solute in-
teraction with the nearest (solvent) environment.

Interest in 1,1-DMTM and its aqueous solu-
tions also steams from the role that the given TU de-
rivative plays in a number of advanced chemical tech-
nologies and promising medical applications [22, 23].
In particular, 1,1-DMTM stands duty as a precursor in
the synthesis of thio-/semithioglycolurils (bisurea deriva-
tives), being heterocyclic compounds witha marked psy-
chotropic or antibacterial activity in vivo [24-26]. The
mechanism of bioactive action of 1,1-DMTU is not yet
fully understood. However, in the future, this com-
pound can be used in the development of new drugs and
the study of their metabolism in the living organism.

Given the above, studying the structure-ther-
modynamic properties of 1,1-DMTU as a solute in wa-
ter seems to be a quite important task. And, as a first
stepin this trend, we attempted to analyze the influence
of oxo — thioxo-substitution in 1,1-DMU, to form the re-
lated 1,1-DMTU (Fig. 1), on the temperature-dependent
structure-packing (volume) effects of a solute hydra-
tion based on the results of high-precision densimetric
measurements [27].

98

MATERIALS AND METHODS

The sample of 1,1-DMTU, (CH;),NCSNH,
{CASRN:6972-05-0; molar mass: M; =104.176 g/mol;
melting point: Ty, , =432 (& 1) K; manufacturer’s as-
say:> 98.0 %}, was purchased from “Shanghai Mackin
Biochemical Co., Ltd” (China). Before experiments, the
sample was purified by recrystallization from the pre-
distilled rectified ethanol [11-14, 19] and dried in a
vacuum chamber at ~350 K for 48 h. The product was
tested by elemental composition using a «Perkin-Elmer
PE 2400 CHN” automated microanalyzer. Found, %:
C, 34.66; H, 7.69; N, 26.95; S, 30.70. Calculated (for
C3HgN,S), %: C, 34.59; H, 7.74; N, 26.89; S, 30.78.
From here, the (Found/Theory) elemental ratio was
found to be 0.994 (£ 0.003) at worst (for hydrogen).
The sample was then stored in a light-tight vacuum
desiccator over P,Os. Aqueous solutions of 1,1-DMTU
were prepared gravimetrically in the sealed glass flasks
of a ~ 40 cm® volume using an “AND GH-202” analyt-
ical type balance with an uncertainty of 0.01 mg. The
deionized and twice distilled (to a specific conductivity
of 1.3-10% S/cm) water was used for this purpose. The
uncertainty in estimating the solution molality m did
not exceed 3-10° mol/kg.

Densities of the solutions ps were measured
using an “Anton Paar DMA 5000 M” (Austria) den-
sitometer equipped with a ~2 cm?® vibrating U-tube-
shaped cell at T =(278.15 K — 318.15) K, with a step
of 10 (+ 0.01) K, and atmospheric pressure of p = 99.6
(+0.8) kPa. Before eachseries of experiments, a stand-
ard two-point calibration procedure with the densities
of dry air and freshly prepared water p;” was performed.
All density experiments were carried out in the isople-
thalmode being based on “a temperature scanning over
the particular solution filled into the measuring cell
with the repetition of the scan for next solution” [28].
With fivefold measurements, the reproducibility in
ps (m) was up to 1:10 g/lcm®. In turn, the total uncer-
tainty in the density measurements U, (ps) did not ex-
ceed 3-10° g/cmd, which is consistent with previously
made conclusions regarding a similar device and ex-
perimental methodology [29]. A more detailed descrip-
tion of the apparatus design and the procedure for
measuring ps is given in works [9, 14, 28-30].

RESULTS AND DISCUSSION

The experimentally measured values of pg (m)
for aqueous 1,1-DMTU solutions are presented in
Table 1.

As mentioned above, the reproducibility in
ps;(m) did not exceed 1-10° g/cm® atn = 5 measure-
ments. Given this, the half-width of the confidence in-
terval for each average-weighted experimental value
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ps.av(m) was calculated using the Peters formula [31]
for the root-mean-square error with the correction to
Student’s criterion (being tg g5 = 2.78):

0, (m) = £(5/4)tg 95 x

<Silps— o@D @

where ps ; —the solution density at asingle experiment,
and Psi = ps,av(m)-

Tablel
Densities of aqueous 1,1-DMTU solutions ps, g/cm3, at
different molalities (m) and temperatures (T)
and p=0.1 MPa
Taénuya 1. 3HayeHNs1 TJIOTHOCTH BOAHBIX PacTBOPOB
1,1-IMTM ps, r/em3, pasnnaHoii MOIsUILHOCTH (M) IIpH
pazamunbix Temneparypax (T) u naBaenmn p= 0,1 Mlla

Voz(m) = iR [= Vs3] + Sym 3)
here, Sy is the “empirical slope”, which can formally be
considered as an adjustable parameter being the differ-
ence between the solute — solute and solute — solvent
pairwise interactions in terms of volume (packing) ef-
fects [32, 33].

The parameters of Equation (3) for the system
(H,O0+1,1-DMTU) arelisted in Table 3 along with the
corresponding data on 2,? and Sy, for aqueous 1,1-DMU
taken from our previous work [8]. Besides, Table 3 in-
cludes the V2,2 values for 1,1-DMTM predicted in [14]
using two schemes for redistributing the volume con-
tributions from N, and/or Ni,,,s-located methyl sub-
stituents (see Fig. 1):

() =V (1,1,3-TriMTU) —

K m, mol/kg (highlighted in italics) —[V>(MMTU) — ;2 (TU)], 4)
' 0 0.01503 0.02422 0.03667 [720(11) = 1720(1,1,3-TriMTU) —
278.15 | 0.999965 | 1.000196 1.000338 | 1.000529 70 70
- 1,3-DMTU) — MMTU)|.
288.15 | 0.999101 | 0.999318 | 0.999450 | 0.999629 [VZ 3 U) V; ( vl ®)
298.15 | 0.997047 | 0.997254 | 0.997380 | 0.997551 Table?2
3815 | ooouzts | 0s50i07 | Oooveat | osoucaz ] APEErent molar wolumes, Vs (0.02) em/mol, of 1.1
: : : . - DMTU in aqueous solutions at different molalities (m)
T,K | 0.05042 | 0.07370 | 0.09543 | 0.11608 and temperatures (T)
278.15 | 1.000740 | 1.001097 | 1.001430 | 1.001745 Taonuya 2. 3HaYeHUs1 KAKYIUIMXCH MOJSIPHBIX 00HEMOB,
288.15 | 0999827 | 1.000161 | 1.000473 | 1.000768 Vy 5 0,02), cm3/moab, aast 1,1-AMTM B BoaHbIX pac-
298.15 | 0997739 | 0.998058 | 0.998355 [ 0.998636 TBOpaxX pasIMYHONi MOJISIIBHOCTH (M) NMpH Pa3IndHbIX
308.15 | 0.994699 | 0.995005 | 0.995289 | 0.995559 Temneparypax (T)
318.15 | 0.990856 | 0.991151 0.991425 | 0.991685 m, Temperature: T, K
T, K 014547 | 017215 | 020198 | 0.23366 mol/kg 278.15 | 288.15 | 298.15 | 308.15 | 318.15
278.15 | 1.002194 | 1.002600 | 1.003053 | 1.003542 0.01503 | 88.759 | 89.800 | 90.631 | 91.432 | 92.212
288.15 | 1.001187 | 1.001567 | 1.001991 | 1.002449 002422 | 88.752 | 89.794 | 90.625 | 91.426 | 92.207
298.15 | 0.999036 | 0.999397 | 0.999801 | 1.000238 0.03667 | 88.743 | 89.786 | 90.618 [ 91.419 | 92.201
308.15 | 0.995942 | 0.996280 | 0.996676 | 0.997095 0.05042 | 88.732 | 89.777 | 90.610 | 91.412 | 92.193
318.15 | 0992055 | 0.992389 | 0.992762 | 0.993166 007370 | 88.715 | 89.761 | 90.59 | 91.399 | 92.181
0.09543 | 88.698 | 89.747 | 90.583 | 91.387 [ 92.169
Table 2 contains values of the apparent molar | 0.11608 | 88683 | 89.733 | 90.5/0 | 91375 | 92158
volume Vg , (m) for 1,1-DMTU in its aqueous solutions. | 014547 | 88661 | 89.714 | 90.553 | 91.359 | 92143
For calculation of Vg, (m), the procedure [28, 30, 32] 8%%2 gg'gg gg'ggg gg'gig gig‘; g;-ﬁg
based on the generic volume V; of a binary solution (in 0.23366 | 88595 | 89.655 | 90500 | 51310 | 92096

m scale) was used:

Vs(m) = (1000 + Mym)/p; = Vi + Vg om,  (2)
where V; [= V;(m — 0)] = 1000/p; (data on p; were
taken from Table 1) and M; is the molar mass of 1,1-
DMTU (see in the previous section). To calculate the
Vp,2(m) values with using Equation (2), the overall un-
certainty in the density measurements of U.(ps) =
~+3-10° g/cm? was taken into account.

Least squares analysis of data in Table 2 showed
that the Vg , — m function at each steady-state tempera-
ture is adequately described by a first-power equation
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To estimate the V,>(1) and V> (1) values for
1,1-DMTM as a solute in water, the molar volume
characteristics of interest from [9, 14] were used. It
should be also noted here that the acronyms MMTU
and 1,1,3-TriMTU in the above-specified group-con-
tribution schemes (4) and (5) refer to N-monomethyl-
thiourea and N, N, N’-trimethylthiourea, respectively.

According to [1, 9, 14, 32], a situation when
Sy = (Vp/dm),, < 0 in the case of 1,1-DMTU and

1,1-DMU (see Table 3) can be attributed mainly to the
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structural stabilization of aqueous clusters in the vicin-
ity of hydrophobic (methyl) moieties of a hydrated so-
lute molecule. This effect is conjugated to the solvent-
mediated solute — solute association. However, there is
still no consensus in the scientific literature regarding
which thermodynamic parameters (including Sy,) should
be attributed to a dissolved non-clectrolyte as a “struc-
ture-maker” or a “structure-breaker”. As the authors
[1] rightly highlighted, “molecular level solute — sol-
vent interactions are complex and difficult to define ex-
plicitly in terms of thermodynamic properties”. Suffice
it to say that solutes forming strong H-bonds with wa-
ter can induce both structure-promoting and structure-
destroying effects depending on the state parameters of
the binary aqueous system[1, 9, 14, 34].

Table3

Standard molar volumes V9 of 1,1-DMTUand 1,1-
DMU ([8], highlighted by italics) in water at different
temperatures (T)

Tabamua 3.3HaveHusi CTAHIAPTHBIX MOISIPHBIX 00be-
MOB V(Z) asa 1,1-AMTM u 1,1-IMM ([8], BbIAeaeHbI
Kypcueom) B Bole Npu pasinuHbix Temmnepatypax (T)

T, K E><pe‘:|2(r;$jE 0.03|)3’recdr?03t/.m[3! 14] Crf]g(kﬂ;/?ﬁ%ﬁ}*
278.15 |88.77 77.86 8889 9215 I(?zz ((111)) 8;8
28815 [80.81 7860| S o7 ((111)) oo
2815 (9064 7928| o0'r 5 () o0
308.15 (9144 79.95 9911;’3 fé) 22 ((III)) 828
31815 (9222 8062| ool + 0a ((III)) e

Note: * Calculated by Equation (2) using the Vg values from
Table 2 and [8]

[Ipumeuanne: * PaccuntaHo IO ypaBHEHHUIO (2) ¢ HCTIOIb30Ba-
HHeM 3HaueHuil Vg2 u3 Tabnuie! 2 u [8]

Therefore, standard V.,°[= Vy,(m — 0)] val-
ues, being independent of the composition effect, are
of more fundamental importance in examining the so-
lute — solvent interaction [14, 32-36]. Comparing the
data on V,2(T) for 1,1-DMTU summarized in Table 3,
at least two obvious inferences can be drawn.

Firstly, over the temperature range between
288.15 K and 308.15 K, the experimental and predicted
(with using models 1 and 11) values of V2> show a dis-
crepancy only within the limits of calculation error. At
lower and higher temperatures, the discordance in the
quantities compared is not as significant. This fact
points to the validity of applying Equations (4) and (5)
to estimate 2,° in the case under consideration.

100

Secondly, when interpreting the experimentally
obtained data in Table 3 together with those taken from
[9, 34], it is worth noting the fact that the 1,°(H,0) value
for 1,1-DMTU is equal to half of the sum of the corre-
sponding values for TU and N,N,N’,N -tetramethylthiou-
rea (1,1,3,3-TetMTU) in water. Namely, (90.64 = 0.03)
and (54.74 + 126.53)/2 = (90.63 £ 0.03) cm®/mol, re-
spectively, at T = 298.15 K. The same goes for the sit-
uation when the half-sum of V,°(TU; H,0) and .,2(1,3-
DMTU; H,0) is equal to the V,? value for hydrated
MMTU: (54.74 +91.32)/2=(73.03 £ 0.03) and (72.96 +
+0.05) cm®/mol at the same temperature [9, 14]. This
circumstance supports the previously substantiated as-
sumption of independent solvation of N(1,3)-attached-
to-CS moieties of the TU alkyl-derivative molecule in
water [14]. A similar conclusion was reached earlier
[2, 37] regarding the volume- and enthalpy-related hy-
dration effects for the related carbonyl-containing (U)
N-dimethyl-derivatives.

Another important feature of the binary aque-
ous systems discussed is an identity in changing V,° at
the oxo — thioxo-substitution in the isomeric mole-
cules of N-dimethyl-substituted U derivatives and at the
corresponding equimolecular transfers (A V> ) from
N(1,1)- to N(1,3)-containing ureas or thioureas (see
Fig. 2). This circumstance highlights a certain similar-
ity of solvation processes in the standard aqueous so-
lutions of N-dimethyl-substituted derivatives of U and
TU. In turn, this gives us carte blanche to consider the
structure-packing effects of 1,1-DMU hydration as a ba-
sis for discussing the volume properties of 1,1-DMTU as
a solute in water.

HSCEN’B‘NéH M@C\NEN/C%
HsC “H H™ “H
+11.36

S
HC B Logs MiCL $ _CH,
HaC”™ “H H” “H
Fig. 2. A comparative scheme of changes in the standard molar
volume (+0.03 cm®/mol) during oxo — thioxo- and N(1),N(1) —
N(1),N’(3)-methyl-substitutions in the urea derivative molecules
in water at T = 298.15 K (this work and Refs 9, 14)

Puc. 2. CpaBHUTENTbHASL CXeMa M3MECHEHUI CTaHIAp THOTO MOJISIP-
HOro o6bema (£0,03 cv®/Mob) MPH OKCO — MUOKCO- U
N(1),N(1)—N(1),N’(3)-meTnn-3aMemeHrsix B MOJICKY JIaX I1p OH3-
BOJIHBIX MO4YeBHHBI B Boze pu 7 = 298,15 K (3ta pabora u
cchUIKH 9, 14)

As follows from the scheme shown in Fig. 2,
the H-by-CHj; replacement on N(1)s- and N(1) rans-
positions of the same nitrogen atom of TU has a less
pronounced effect on V,° than it does the attachment of
two methyl groups to the N(1,3).-locations of two
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different nitrogens. As we have mentioned above (for
aqueous 1,1-DMU [5]), this is largely due to restricting
the excluded volume effect for 1,1-DMTU despite the
fact that the specified molecule has the same number
of N-sited CHs-groups as its isomeric counterpart, 1,3-
DMTU. Proceeding from the equality of transfer ef-
fects AV, induced by the oxo — thioxo-substitution
in the U-derivative molecules (see Fig. 2), one canalso
assume that the impact of 1,1-DMTU on bulk water
dynamics (beyond the first hydration shell) should be
larger than that of 1,3-DMTU [5]. In turn, factors in-
fluencing the occurrence of AV, at such a substitu-
tion in hydrated 1,1-DMU molecules require separate
consideration.

Of particular importance here are the data on
packing density d = V,, ,/V,° [9, 14, 35], which repre-
sents the volume (I,?) fraction in the new-formed “hy-
dration complex” occupied by the intrinsic volume
Vint2 OF a solute. The latter (Vi,2) is most often ex-
pressed through the van der Waals volume (per one
mole) V,, » = vy, 2N, [35], where v,, , and N, are the
molecule volume and Avogadro number, respectively.
When evaluating V,,, for 11-DMTU, (= 59.0 =+
+0.2) cm®/mol, and 1,1-DMU, (=53.7 £0.1) cm*/mol,
in our previous works [9, 14], it was postulated that
these values are temperature-independent over the T-
range in question. The values of the d parameter cal-
culated using the data on V.2 from Table 3 are pre-
sented in Table 4.

As follows from data in Table 4, the fractional
free volume expressed in terms of the V,, ,/V.,° ratio
slightly increases (by 4%) with the virtual oxo — thi-
oxo-substitution in the hydrated 1,1-DMU molecule. In
other words, the structure packing of the hydration
complex formed by 1,1-DMTU is looser than in the case
of the oxygen-containing analogue. It is interesting that
asimilar trend of decrease inthe temperature-depend-
ent d value occurs at the transfer from 1,3-DMU to 1,3-
DMTU, too, with the only difference being that in this
case, less densely packed (by ca. Ad =0.05) aqueous
structures around solutes are formed [9]. On the one
hand, this fact points to more pronounced structure re-
arrangements in the hydration shell of the asymmetrical
isomer, whose —N(CHs),- and —NH,-located groups are
concurrently conjugated with the H-bond-accepting
>C=S- or >C=0- fragment. On the other hand, the sit-
uation can stand duty as confirmation of conclusions
[12, 13] about the determining role of the functional
[N—CS(CO)-N] grouping in promoting water structur-
ing around two methyl entities. That is, the established
substitution-related packing effect (Table 4) is induced
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by changing in the energy hydrophilic-hydrophobic
balance during the hydration process of 1,1-DMTU
and 1,1-DMU.

Table4

Packing density parameters d for hydrated 1,1-DMTU-
and 1,1-DMU at different temperatures (T)

Tabnuya 4. 3Ha4eHus1 mapaMeTpa IUIOTHOCTH YIAKOBKH

d nas rupparupoBanubix 1,1-AMTM u 1,1-IMM npu

pasimunbix Temmeparypax (T)

T.K d =V, ,/V® (+0.003)

’ 1,1-DMTU 1,1-DMU [g]
278.15 0.665 0.690
288.15 0.657 0.683
298.15 0.651 0.677
308.15 0.645 0.672
318.15 0.640 0.666

In our case, the hydrogen-bonding ability of
the above functional grouping is modulated by the inser-
tion of hydrophobic methyl substituents on N (1) .- and
N (1)¢rans-positions (Fig. 1) of the same nitrogen atom
of the TU molecule [9, 11, 12]. In contrastto N-methyl-
substituted ureas, the corresponding TU-derivatives
have somewhat higher dipole moments with increased
polarizability of the >C=S-bond [21, 38]. Therefore, the
process of hydration of the [N—CS—N] grouping, ac-
counting for the hydrogen bonds in the thiocarbohyl’s
region only, was found to be more exothermic com-
pared to that of the [N—CO-N] grouping [12]. This fact
is consistent with a predominant role of the sulfur atom
in the hydrophilic hydration of 1,1-DMTU, while the
process of 1,1-DMU solvation in water suggests a ma-
jor contribution of the unsubstituted nitrogen atom to
the H-bonding effects [12, 39].

Itis well knownthat 1,1-DMU dissolves in water
with the pronounced endothermic effect (Ago Hy =
~ 12 kJ/mol at T = 298.15 K) against the background
of the positive and relatively large standard partial
molar heat capacity 5;2 of the hydration process
{= 235 J/(K-mol)} [2,39]. The latter quantity directly
correlates with the structure of the first hydration shell
of hydrophobic moieties [13, 40-42], that is, with the
effect of structuring water clusters in the nearest vicin-
ity of them. Unfortunately, the lack of such character-
istics for the 1,1-DMTM solvation in water does not
yet allow us to make more substantiated inferences
about the energy and interaction-related changes in the
hydration complex induced by oxo — thioxo-substitu-
tion in the 1,1-DMU molecule. However, the addi-
tional useful information can be derived analyzing the
standard (partial) molar expansibilities E;?,z of both

compared isomeric counterparts as solutes in water.

101



E.B. BaHnoB

0.11 5
11
0.101®.
~
g 0.094
rﬂg \\\
., 0.08- :
o8
2 N
0.07-" @q) 5 b
0.06 T T T T 1
280 290 300 310 320
T,K

Fig. 3. Standard molar expansibilities of 1,1-DMTU (1) and 1,1-
DMU (2) [8] in water as a function of temperature, with a “corri-
dor” of errors
Puc. 3. 3aBucumocTH CTaHAAPTHBIX MOJISIP HBIX P aCIIUp sIeMOCTeH
1,1-IMTM (1)u1,1-IMM [8] oT Temmepary pbl ¢ «KOp HIOP OM»
oumooK

To calculate the EI‘,’,Z = (0V,/0T), values, the
V. —T functions taken from Table 3 were approxi-
mated by a second-power equation [9, 14]:

Vs = ao|= ES,] + a1 (T — 6) + ax(T — 6)2, (6)

where 6 = 298.15 K is the average-weighted tempera-
ture. Differentiating Equation (6) with respect to (T —
0) , the temperature-dependent values of 55,2(9) for
1,1-DMTU and 1,1-DMU [8] in water were obtained
and presented in Fig. 3.

As can be seen in Fig. 3, the 1::; o Values for
1,1-DMTU are in overall markedly larger than the cor-
responding values for 1,1-DMU. But, the difference in
E;;J reduces sharply with increasing temperature. The
situation with (61720/6T)p for aqueous 1,1-DMTU is
more typical for a predominant hydrophilic solute. The
latter, as is well known, is characterized by the prevailing
effect of the H-bonded hydration shell destruction, being
weakened under the influence of temperature [9, 14, 32].
In accordance with the Hepler’s relation [9, 14, 34, 43],
—(aE;;_z/aT)p = —(021 /0T, = (3Cy,/p) .,
the trend of changing the Eg_z — T function (see Fig. 3)
can provide the information on a solute capability to
destroy (a negative slope) or promote (a positive slope)
the hydration shell structure. In the context of this con-
ception, the process of oxo—thioxo-substitution in 1,1-
DMU, to form 1,1-DMTU, is accompanied largely by
a decrease in the thermal stability of forming hetero-

component hydrogen bonds. The occurring difference
in the structure-breaking effect is seemingly the main
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reason for the relative loosening of the molecular pack-
ing of the solute hydration complex being formed at the
oxo — thioxo-substitution of interest (see Table 4).

CONCLUSION

Given the aforesaid, the following basic points
can be highlighted.

The previously advanced assumption that
eachof functional >N(1)- and >N(3)-fragments bonded
with the thiocarbonyl (>C=S-)group of a thiourea al-
kyl-derivative molecule in water are solvated inde-
pendently was confirmed using newly and previously
obtained results on the volume properties of standard
aqueous solutions of interest.

A non-trivial fact of the identity in changing
the standard molar volume of a solute at oxo — thioxo-
substitution in the isomeric molecules of N-dimethyl-
substituted urea derivatives and at the corresponding
equimolecular volume-related transfers from N(1,1)-
to N(1,3)-methyl-containing ureas or thioureas in water
was established for the first time.

It was inferred that the fractional free (ex-
cluded) volume somewhat increases with virtual oxo
— thioxo-substitution in the hydrated N,N-dimethylurea
molecule, a fact being in consistency with the effect of
loosening the structure packing of the hydration com-
plex formed.

It was found that the replacement of N,N-di-
methylurea with its sulfur-containing analogue in wa-
ter is accompanied largely by a decrease in the thermal
stability of forming heterocomponent H-bonds, and the
occurring difference in the structure-breaking effect is
seemingly the main reason for the above loosening of
the molecular packing of a solute hydration shell.
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