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Ultrasonic Spectrometry of Triethylenediamine Aqueous Solutions. Protolysis and
Supramolecular Structures
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At 25 °C the ultrasonic absorption coefficient of aqueous solutions of triethylenediamine (TED) has been
measured as a function of frequency200 kHz< v < 4.6 GHz) and solute concentratior{0.0025 mol/L

< ¢ = 2.56 mol/L). One solution has also been studied at@%nd 35°C. To look for the dependence

upon the pH some spectra have been recorded with NaOH or HCIl added. The measured spectra have been
analyzed in terms of a model relaxation function containing a Debye relaxation term and a term that represents
noncritical fluctuations in the concentration. The Debye term is related to the protolysis of the TED molecule.
Depending on the pH either the first or the second step of protonization of TED is reflected by the relaxation
process. The forward and reverse reaction rates and the isentropic reaction volume have been determined
from the relaxation parameters and it has been found that the amplitude and relaxation time of the Debye
term can be described by one set of activity coefficients for the first protolysis reaction. The noncritical
concentration fluctuations are analytically represented by an extended version of the Roi@alowev

theory that also considers spatial correlations.cAt 0.5 mol/L a correlation length of abbdé A is found.

The finding of TED association at an elevated solute content is consistent with previous results from dielectric
spectrometry.

1. Introduction amine we performed a systematic ultrasonic relaxation study
as a function of the solute concentration. Coupling to fluctua-
tions in the concentration, sonic fields have turned out to be
particularly sensitive in indicating a microheterogeneous liquid
structuré®~12 Since protolysis of the cyclic base is also expected
to contribute to the acoustic spectra of the solutions, measure-
ments have been conducted over an as broad as possible
frequency range (200 kHg v< 4.6 GHz) in order to enable a

The delicate balance between hydrogen interactions and
hydrophobic effects is of considerable significance in determin-
ing the structure and microdynamics of aqueous solutions of a
variety of solutes, including biomolecul&s. It has been shown
recently that, also depending on steric properties of the solute,
aqueous solutions tend to form rapidly fluctuating mesoscopic

?T::)L;gitrliss ;Scrteh; ggﬂ?%&g;gh%irzg?i% 2'%fggionl£§ ;;:ezﬂgte clear separation of the different relaxation mechanisms from
systems that have béen extensively studied so far, mixtures ofthe spectra. S.ome soluthns have been studied with hydrogen
water with monohydric alcohoBs,ethylene gylcol ’ether%Q chloride or sodium hydroxide added to look for the dependence
carboxylic acid$?®12 and tetraalky’lammonium sa%ﬂsexhibi£ upon the pH. Most measurements have_bee_zn performed at 25
’ °C. To be able to estimate the free activation energy of the

tendgnmes tovyard. a mlcrpheterogenequs structgre. protolysis reaction one solution has been measured at 15 and
Triethylenediamine exhibits outstanding solvation character- 35 °C

istics in aqueous solutiods:16 The hydration properties
suggest that this molecule induges an almqst optimum clathrate-o Experimental Section
type water structure around itself. Obviously, at low and
moderate solute concentration, the molecular size and globular Adueous Solutions. Triethylenediamine (TED, 1,4-
shape of triethylenediamine, its low flexibility, and also the diazabicyclo[2,2,2]octane, N(GEH;)sN, >98%), HCI (Ti-
position of its nitrogen lone electron pairs relative to the position trisol), and NaOH (Titrisol) have been used as delivered by the
of the inert ethylene groups contribute to the formation of a Mmanufacturer (Merck, Darmstadt, Germany). Water was bid-
particular stable shell of hydration water. The question arises istilled and additionally deionized by mixed-bed ion exchange.
whether such a solute is also capable of forming supramolecular The TED concentration of the solutions has been adjusted by
structures of low water content or whether triethylenediamine Weighing appropriate amounts of the substance into suitable
monomers in a Solution are Stabilized by their hydration water ﬂaSkS that were f|”ed up to the |ine measure W|th water or W|th
clathrates. On one handsalkyl groups, which are especially ~ the HCI or NaOH solution, respectively. The density of the
effective in promoting “hydrophobically bound” aggregates such TED solutions has been measured pycnometrically. The (static)
as micelles, are missing. In addition, the nearly perfect spherical Shear viscositys of the sample liquids has been determined
shape of the molecule is expected to prevent the molecule fromby using a falling ball viscometer (Haake, Model B/BH). A
stacking mechanisms characteristic of various cyclic bases suchsurvey of the solutions is given in Table 1.
as purined? On the other hand, however, the solubility of ~ Ultrasonic Absorption Spectrometry. Acoustical absorp-
triethylenediamine in water is rather high (about 3 mol/L, 25 tion spectra of liquids are usually described by two téfms
°C), thus suggesting the presence of association effects.

To look for the existence/nonexistence of hydrophobic a(v) = BV’ + ey V) 1)
association mechanisms in aqueous solutions of triethylenedi-
whereB'= (B/cs) represents the frequency independent part in
® Abstract published irAdvance ACS Abstractdyovember 15, 1997. the total absorption coefficient and oexc denotes the excess
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TABLE 1. Molar Concentration c, Molality m, Mass 150 —T m— T T

Fraction y, and Mole Fraction x of the Solute as Well as 15 2 -1 |— QORI

Density p, Shear Viscosityns, and Sound Velocitycs at 07s'm = RN 7]

around 1 MHz of the Solutions for Aqueous TED Systems 70 |- % .

c, mol/L m, mol/kg y, 102 x, 102 p, glen? 5, 103 Pa cs, m/s 3 t% N

+0.2% +0.1% +0.1% +0.2% +0.1% s+0.2% =+0.1% 30 Oq i
25°C, Water, pH= 10.0-11.5 F———————————= QOCCIDOmD — O QD —

0.0025 0.0025 0.028 0.0045 0.9970 0.896 1497.0 | | | 1 | L |

0.010  0.0100 0.112 0.0180 0.9967  0.898  1496.6 B3 1 3 10 30 W0 300 Mz 3000

0.040 0.0402 0.449 0.0724 0.9969 0.899 1500.3 ' v

0.250 0.257 2.80 0.461 0.9985 1.03 1514.6

.601 .64 7 1.1 1.001 1.22 1542.1 -
8884 2.803 1813 1.75 1_884 1.43 1&‘?66.9 v for the 0.25 M aqueous TED solutions at 26. The full curve

1.52 1.80 16.8 315 1.011 200 1618.3 'epresents the_ gr_aph of a Debye relaxation spectrum added to the
2.04 258 224 4.44 1.018 2.76 1661.6 classical contributionRp(v)/(csv) + B' = (ZHADTD/CS)/(]_“F(UZTDZ) +

2.56 3.47 28.0 589  1.025 4.00 1710.1 B The dashed line represeris

15°C, Wat
0010 00100 0112 omgoer 0.9986  1.15 1467.8 Were operated at odd overtonesiaf Between 30 and 530

MHz28 lithium niobate disksyr = 10 MHz, dr = 12 mm) were
excited at their odd overtonesn(2- 1)vr. Between 0.5 and 2
GHz broad-band end face excitati8f LiNbO3 rods ¢y = 3

mm, lengthlr = 10 mm) was applie@ In the range 1.14.6

GHz we used a cell in which the transducers were again operated

Figure 1. Bilogarithmic plot of theo/v? data as a function of frequency

35°C, Water
0.010 0.0100 0.112 0.0180 0.9939 0.728 1520.8

25°C, 0.01 mol/L NaOH, pH=12.0
0.040 0.0402 0.449 0.0724 0.9974 0.902 1500.5

25°C, 0.1 mol/L NaOH, pt= 13.0 in modes of thickness vibration. The actual transducers were
0.908 1.00 10.1 1.77 1.009 1.43 1576.6 . -

95°C. 0.08 Mol HCI. pH 2.2 thin ZnO films dr = 2 mm, vr = 1.3 GHz) sputtered onto

°C, 0.08 mo s Pr= 2. delay rods made of saphité. At each measuring frequency

0.04 0.0403  0.450 0.0725 0.9988 0.889 15019 the transfer functioT(x) of the cells has been determined by
TABLE 2: Relative Error in the Ultrasonic Absorption successively varying the sample length and measUriag400
Coefficient a xvalues. The transfer characteristics of the electronic apparatus
»MHz 02-1 1-8 8-10 10-30 30-500 500-4600 have been routinely recorded in additional runs in which the

specimen cell was replaced by a high-precision below-cutoff
piston attenuator used as a calibrated reference.

In the complete frequency range the measuring frequency
was known and kept constant with a negligible error throughout.
The temperature of the sample was controlled to withthO1
K. Temperature gradients and differences in the temperature
of different cells did not exceed 0.05 K, corresponding to the
: . small estimated error of less than 0.1% in the attenuation
absorption coefficient changes by more than a factor 6f 10 coefficient. The total uncertainty of tleevalues measured with

To cover this large range af values and the broad range of the resonator method is mostly due to possible slight changes
different wavelengths, two different methods of measurement . y P 9 g

and a total of seven different cells have been used. Each samplén the mechanical cell adjus.tment by the cleaning and refil_ling
cell was matched to a particular frequency range. By use of a procedure when the sample is exchanged for the reference liquid.

planoconcav& (0.2 < v< 2.8 MHz) and a biplanaf (1 < v < The o values derived fr_om_ the variable path length pulse-
15 MHz) cavity resonator, quality factor measurements have gmdul_ated \;vave trar|1|S|I“_n|SS|ofn rrlneasurements n;ay b‘? affect_ed
been performed in the lower frequency range. To properly y an imperfect paraflelism of the transmitter and receiver unit
account for higher-order modes within the cavity resonator we and by an insufficient correction for diffraction losses. Strictly,

always measured the complete transfer function around a mainthe experimental errors in the attenuation coefficient depend

resonance peak of interest and derived the desired resonancggctgé'cndgg?hugké;gL:s: trt])ing:i(:r\::cstéri(;(laodbg”){[hgog\r,rec)vrzrl,i;?: d
frequency and quality factor from a multipoint fit of the scan i Tableyz y y

to suitable theoretical expressions. Reference measurement! .

have been performed with liquids of carefully adjusted sound ISOl_Jnd Vel?mrt]y. Betweien ZhOO kg)—|z an(; 15 MHZ éh(? sounﬂ

velocity and density in order to correct the measured quality velocity ¢s of the samples has been determined from the
frequencies of successive main cell resonance peaks, taking into

factor for the intrinsic losses of the cell. Besides differences o S
in the sound velocity and density between the sample and the@ccount the nonequidistant distribution of the resonance fre-
guencies®3! The error in theses data (Table 1) is smaller

reference liquid, differences in the attenuation coefficient may . ) N

slightly affect the intrinsic losses of the céll. Appropriate than 0.1%. At high frequenues additional values were
corrections have therefore been made to consider differencesz’“’a'l_able from 'Fhe waviness of the transferfunct‘lf(n) due to
in the o values accordingly® These corrections did never multiple reflections at small transducer spacing

exceed 1.5% of the: value. 3. Results in Terms of a Relaxation Model
At frequencies between 10 MHz and 4.6 GHz absolute uits | xal

measurements @f have been performed by transmitting pulse- Characteristics of the Absorption Spectra. Within the
modulated sonic waves through a cell of variable sample frequency range of measurements the dispersion in the sound
length?6-28 Five cells have been employed that mainly differ velocity c; of the TED solutions is small:c{(2 GHz) — c4200

from one another by the piezoelectric transmitter and receiver kHz))/c{(200 kHz) < 0.003. It is thus easily possible to switch
units. For measurements below 180 MHiwo cells were between the different formatgv)/v?, a(v)A, andaexdv)A where
available in which quartz transducer disks (fundamental fre- sonic absorption coefficients are favorably displayed as a
quencyvr = 1 MHz, diametedy = 60 and 40 mm, respectively)  function of frequency. Here,A = cJv is the wavelength.

Ad/o 0.07 0.05 0.06 0.02 0.008 0.015

contributions that may be due to chemical relaxati®ns,
concentration fluctuatiod$1%20-21as well as dissipation mech-
anisms related to scatteriig. Here,v denotes the frequency
andcs the sound velocity of the liquid. Within the frequency
range under consideration (0.2 MHz v < 4600 MHz) the
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2 : ; -
02 0h 1 2 4 10 20 40 100 MHz 400 solutions of higher solute concentrationThe curves are graphs of

the model spectral function (eq 18) with the parameter values displayed

Figure 2. Excess absorption per wavelength at@5displayed versus in Table 3.

frequency for the aqueous TED solutions of low solute concentration . + 2+ + _
c. The curves represent a Debye term (eq 2) with the parameter values0 = ¢(TEDH") + 2¢(TEDH,"") + ¢(H;0") — c¢(OH ) + 6

found by a nonlinear least-squares regression analysis (Table 3). (8)

In Figure 1, the absorption coefficient per 2 of the 0.25 In eq 86 considers charges from additionally present ions
M aqueous TED solution is displayed as a function of frequency. as Na in the sodium hydroxide solutions and TCin the
In the frequency range between about 1 and 100 MHz{he hydrogen chloride solutions. Let
data clearly exhibit dispersion characteristicsofaf)/dv< 0)
and adopt the constaBt value at higher frequencies. Hence,
there exists a frequency dependent contributigg in excess
of the classical part in the total absorption coefficient. It is denote the ion product of water, then follows:
found that in all solutions with TED concentratian< 0.25
mol/L (Figure 2) the excess absorption per wavelength can be
well represented by a Debye-type relaxation spectral fun&ion
Rp with discrete relaxation timep:

I1 = ¢(OH)c(H,0") = 10 “* mol/L (9)

0=c*(OH") + (Kg; — 8)c}(OH")
+ Kgy(Kgy — € — TT/Kg; — 0)c(OH")

Ry = A, 0T, @ — Kg1(2Kg,€ + IT + 6Kg,)c(OH ) — Ky Kg,IT (10)
2

1+ (w7p) This relation can be solved numerically by using the Newton

method. For aqueous solutions without HCI or NaOH added

(6 = 0) with Kg;= 3.98 x 1076 mol/L > Kgp = 8.91 x 10712

mol/L, it approximately follows that

Here,w = 27v is the angular frequency a, is a relaxation
amplitude.

As illustrated by Figure 3, two well-separated relaxation
regions exist in the spectra of solutions with higher TED content

o - _ 12 _
(c > 0.25 mol/L). An analysis of these spectra reveals that the C(TEDH") = c(OH ) = Kgy (1 + 4c/Key) Dz (1)
relaxation with a relaxation frequency#z,) ! at a few MHz and

is again characterized by a discrete relaxation time. The

additional excess absorption contributions at higher frequencies, c(TEDH22+) = Kq, (12)

however, extend over a broader frequency band than a Debye
term, thus indicating that there exists a distribution of relaxation and thusc(TEDH,2") < 10-"c(TEDH*). The second step (eq

tlm;rztol sis. At low solute concentration. protolvsis of 4) in the coupled protolysis reactions can, therefore, be

TED14v15}i/s gbverned by the following equilibri’urg congtaﬁfs' completely neglected in the spectra of the aqueous TED
" solutions ¢ = 0). For this reason the Debye-type relaxation

(eq 2) is taken to represent the TEDHED equilibrium (eq

3) of those systems.

If NaOH is added, the coupled equilibria (eqs 3 and 4)
between the different TED species are, of course, even more
shifted toward the left-hand side of eq 3. Hence, the above
arguments for a Debye-type relaxation are again valid. In the
acidic solutions the concentration of unprotonated TED mol-

TED + H,O=TEDH" + OH™, pKg, =5.40 (3)
TEDH' + H,0=TEDH,”" + OH™, pKg,=11.05 (4)

Since, by definition,

Kgy = ¢(TEDH")c(OH )/c(TED) (5) ecules is so small that just the TEDATEDH,2* reaction adds
5 noticeable contributions to the sonic spectrum. Again, the
Kg, = ¢(TEDH, )c(OH)/c(TEDH™) (6) excess absorption can be described by a discrete relaxation time

(Figure 4).

Concentration Fluctuations. The above arguments indicate
that the additional relaxation term in the spectra of the TED
solutions of higher solute content (Figure 3) is not due to a
protolysis reaction. The facts that this term is foundcat
the concentration of the species involved in the coupled 0.25 mol/L only and that it is subject to a relaxation time
equilibria of eqs 3 and 4 can be calculated if the conservation distribution suggest this contribution to the sonic spectra to
of electrical charges is taken into account: reflect fluctuations in the local TED concentration. We therefore

and

¢ = ¢(TED) + ¢(TEDH") + ¢(TEDH,*") (7)
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aimed at its description by a relevant theoretical model of 00 ———————T—T T T T
concentration fluctuations, particularly by the unifying model 107 .M\
that has been derived recentfy This unifying model combines oo |- ’ .
aspects of previous theories of non-critical concentration 200 |- &&Qﬁ 9&9@9 -
fluctuations as well as theories of density fluctuatidh®,3541 o / <
and it has been found to enable a uniform description of a variety 100= OQQOQ N
of binary aqueous solutions of different organic solute séfies. 3 sl & OO\ |
It is interesting to call to mind that mixtures of amines with / 0%
water show a clear tendency to phase separate at a critical 20p 0.«.' ]
demixing temperature. Triethylamine/water and 2,6-dimeth- 0k ¢ _
ylpyridine/water mixtures are prominent examples, the sonic
spectra of which have been intensively studied previdésty /9 S T Sy S e L L

01 02 04 1 2 4 10 20 40 100 MHz 400

and have been discussed in terms of critical fluctuation
gygzm:gss’g;;:cﬂfgg&]j?e light of the Bhattacharjéeerrell Figure 4. _Ultrasonic excess absorption per wavelength mslof[ted _

y e 9 ’ ;. . . as a function of frequency for the 0.04 M aqueous TED solution with
The unifying model of noncritical fluctuations is based on (g, ¢, = 0.08 mol/L) and without®) HCI added. The curves are
the assumption that changes in the local concentration andgraphs of a Debye relaxation term (eq 2) with the parameter values

structure of the liquids are enabled by two mechanisms, namelygiven in Table 3.

by diffusion and, alternatively, by a process that is characterized
by a discrete relaxation time. Hence, the time dependence
of the autorcorrelation function

v

dispersed phase, of the Gibbs free energy, of the molar volume
and of the molar enthalpy. Under favorable conditions, if these
thermodynamic quantities are known with sufficient accuracy
_ 2 to allow for the calculation of their second differentials, Qe
(1.0 = G(r,0(0,0)1 (0,011 (13) data obtained from the sonic spectra can be compared to those
of a suitable order parametgris governed by the differential ~ derived from the thermodynamic parametérer Q may be
equation treated even as a known parameter in the evaluation of the
ultrasonic attenuation spectra. For the TED solutions, since we
3g(r,)/ot = (DV* — 7, He(r.t) (14) do not know of sufficiently accurate data of the three thermo-
dynamic quantitiesQ is treated as an unknown parameter here.
This model also takes into account existing spatial correlation ~ Model Relaxation Spectral Function. Following the above
in the autocorrelation function so that, different from the original lines of reasoning, the measured attenuation per wavelength
Romanov-Solovev theory3536 ¢(r > 0, 0) needs not to be  spectra have been analytically described by the relaxation
identical with zero. Different from the treatment of concentra- function
tion fluctuations in ionic systerms where the long-ranging
Coulombic interactions suggested an Ornst&irrnike an- R(v) = Rp(v) + Ryn(v) + By (18)
satz4950 a ¢(r,0) function has been taken here, which indeed
follows the Ornsteinr-Zernike behavior at large values but
decreases toward small Owing to this particular choice, the
model relaxation spectral functid®m(v) can be defined without
introducing an artificial maximum wavenumbepa, corre-
sponding to a minimum interaction lengt,.11-3536
The spectral function of the unifying model can be expressed
as

Rum(V) =

It turned out that the process with discrete relaxation tige
is not required in order to adequately represent the spectra of
the TED solutions. Hence, all spectra can be characterized by
a maximum number of five parameters, namély, 7p, Q, &,
andB. The values of these parameters are displayed in Table
3. They have been obtained from a regression analysis by
which, using the Marquardt algorith?A the reduced variance
was minimized.

) 4., Discussion

0 q (,()'L't ) ) )
Q L 22 >dg (15) Protonation of TED: First Step. The amplitude of a Debye

(1+0.1645 + 0.250£))" 1 + (w7) relaxation term representing a stoichiometrically well-defined
chemical reaction (eqs 3 and 4) is related to the isentropic molar
volume change\Vs according to the relatich

Herein Q is the amplitude factor of the Romane$olov'ev
theory3536 £ is the correlation length of the fluctuations in the

order parameter, angis a characteristic time, which, according ac2oT
to the relation A, = |;T (AVY® (19)
-1_ 2 -1
- =Dg + 1 (16) Herein,Ris the gas constant ardis given by the concentrations

c(A) of the specied\ involved in the reaction under consid-

corresponds to the wavenumbegin the spectrum of fluctua- o560

tions. Since the spatial correlation in the fluctuations at §
follows the Ornsteir-Zernike ansatz(r.t) ~ exp(r/&)/r, the 1= z c_l(Ai) (20)
Ferrell equatioft |

& =kgT/(6rn D) (a7) The isentropic volume change according to

has been used here to relgtm the mutual diffusion coefficient
D. In eq 17ks denotes the Boltzmann constant.

The Romanow Solov’ev amplitudeQ is a function of the
second derivatives, with respect to the mole fraction of the is related to the isothermal volume charfé; and the enthalpy

AVg= AV, — %A (21)
P,
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Figure 5. Amplitude of the Debye-type relaxation term in the model
relaxation spectral function (eq 18) resulting from the measured spectra
(O) and as calculated with the aid of eqs 19 and 20 assuig=

33.5 cn#/mol (full curve). The full points show th&p values from the
measured spectra when the activity coefficieats are used in the
evaluation of the data.

TABLE 3: Amplitude Ap and Relaxation Time zp of the
Low-Frequency Debye TermRp in the Model Relaxation
Function R(v) that Represents the Ultrasonic Absorption
Spectra of the Aqueous TED System (Eq 18), Amplitude
Parameter Q and Correlation Length & of the Ry, Term in
R(v), as Well as theB Parameter that Characterizes the
Extrapolated High-Frequency Behavior of the Absorption
Per Wavelength (Eq 18)

Ap,102% 1p,ns Q,10%m £,100m B, ps
c,mol/L +2% +4% +5% +5% +0.5%
25°C, Water, pH= 10.0-11.5

0.0025 0.129 162 32.1
0.01 0.332 73.3 32.3
0.04 0.616 36.6 33.0
0.25 1.54 13.7 33.8
0.601 1.95 11.6 0.18 3.9 34.3
0.904 2.03 11.7 0.29 4.1 36.2

1.52 1.98 13.1 0.38 4.2 43.0
2.04 1.77 19.1 0.29 3.2 51.7
2.56 1.49 26.7 0.27 2.0 61.6

15°C, Water
0.01 0.279 110 43.6
35°C, Water
0.01 0.378 56.4 24.8
25°C, 0.01 mol/L NaOH, pH=12.0
0.04 0.083 3.8 32.4
25°C, 0.1 mol/L NaOH, pH=13.0
0.908 0.30 4.0 36.3
25°C, 0.08 mol/L HCI, pH= 2.2

0.04 1.28 6.7 32.0
changeAH accompanied by the process. In eq &l =

V~1(aV/aT), denotes the coefficient of thermal expansion and
Cp is the specific heat at constant presspreTogether with
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Figure 6. Relaxation raterp* plotted versus the sura(OH™) +
c(TEDH") of anion and cation concentrations. Circles indicatertié

data from the measured spectra. Full points refer to the same data after
consideration of the activity coefficientgn.

s0 thatAp cai— Ab meas are numerically given in Figure 5 and
are graphically displayed in Figure 10.

Quite remarkably, the activity coefficients obtained from the
relaxation amplitudes are also consistent with the relaxation time
datarp (Table 3). The relaxation ratez}/ of the reaction step
under consideration (eq 3) is expected to follow the relafion

75 =Ky (C(TEDH) + c(OH)) + ki (22)
wherek;, andkj, denote the reverse (recombination) and the
forward (dissociation) rate constants, respectively. As illustrated
by Figure 6, at lower TED concentration € 0.25 mol/L) the
measured data again follow the theoretical predictions (eq 22)
if the c values from egs 7 and 11 are simply used as the active
concentrationsg,n = 1). At higher TED content the theoretical
relations pretty well account for the measured relaxation rates
if the c values in eq 22 are multiplied by the activity coefficients
aon from Figure 5.

From the plot of 1#p as a function ofajn(c(TEDH') +
c(OH")) in Figure 6,kg; = (3.6 & 0.3) x 10'° L/(mol s) is
derived, a value that is characteristic of proton-transfer processes
in aqueous solutiof%%6 or, more generally, of reactions that
are diffusion-controlled?® The dissociation rate constant follows
askl, = Kpi/k, = (1.4 + 0.2) x 106 s°L. It is only briefly
mentioned here that similar rate constants govern the protolysis
of ammonia in wateP® k' = 3.4 x 10°L/(mol s),kf =6 x 10P
s

By application of eq 22, the rate constants obtained from the
spectra of the simple TED solutions can be used to calculate
the shift in the ultrasonic relaxation spectrum on changes of
the pH of the solutions. As illustrated by Figure 7, the spectrum

the concentration data obtained from egs 7 and 11, relations 19of a TED solution with NaOH added is quite reasonably

and 20 can be used to derive the isentropic volume chAMge
from the Debye term amplitudeés,. For the solutions of low
TED content ¢ < 0.25 mol/L), AVs = 33.5 cni/mol follows

at 25°C. In view of AVs = 26.9 cn¥/mol for the dissociation/
neutralization of waterAVr = 23.5 cn¥/mol, AH = — 13.7
kcal/moP%), this appears to be a reasonable value. As shown
by Figure 5 however, eq 19 does not apply for the solutions of

predicted by the data derived from the measurements.
Following the Eyring formulg’

Tp = A_lr’ exp(~AG'/(RT)) (23)

the activation Gibbs energ§G* has been calculated from the

higher TED concentration. There appears to be a discrepancytemperature dependence in the relaxation time data. In eq 23,

between the amplitudedp meas derived from the measured
spectra (Table 3) and the amplitud&s.ac calculated according
to egs 19 and 20. This discrepancy obviously increases with

A, denotes a factor. We fouriG¥ = —(5.7 + 0.7) kcal/mol,
which corresponds tAG* = —4.4 kcal/mol for the protolysis
of ammonia®

c. ltis a reasonable assumption to relate the difference between TEDH*/TEDH 2" Equilibrium. The addition of a sufficient

the Ap measand theAp cac to an activity coefficientaon = 1 in
the ion concentration. The values of this activity coefficient,

amount of a strong acid (e.g., HCI; see Figure 4) leads to an
increase in the TEDK™ concentration so that the second step

which are required to adjust the amplitudes from eqgs 19 and 20in the protolysis equilibrium (eq 4) dominates the first one (eq
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Figure 7. Ultrasonic excess absorption spectrum of a 0.04 M aqueous
TED solution at 25°C without ©) and with @) NaOH (0.01 mol/L)
added. The dashed curve shows the spectrum for the TED/Na@OH/H
system as predicted from theV;, kgl, andkj,; data of the aqueous
TED systems.
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Figure 8. Ultrasonic excess absorption per wavelengttid)éxc
displayed as a function of frequency for a 0.9 M aqueous TED solution
at 25°C (O) and for the same solution with NaOH®( 0.1 mol/L)
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Figure 9. The characteristic decay time(a) and amplitude parameter

Q (@) of the R,m(v) term in the model relaxation spectral function (eq
18), as well as the hydration water to pure water relaxation time ratio
/7w (O) and the hydration water relaxation time distribution parameter
bn (<) from dielectric spectf for aqueous solutions of triethylene-
diamine plotted versus the volume fracti@of hydrated TED molecules
(Zn, number of hydration water molecules per TED molecuigsimolar
concentration of water in the solutiong!, molar volume of water at
25°C).

added. The dashed curve indicates the subdivision of the spectrum Ofrate constants derived from the aforementioned Spectra for

the former solution into a low-frequency Debye-type spectral f&sm
(v) and a termRun(v) due to concentration fluctuations (eq 18).

3) in the sonic relaxation spectrum. If eq 22 is rewritten to
apply the second reaction step
75 ' =Ko (((TEDH") + c(H,0M)) + K,  (24)

the rate constantkl, and k&, of the reverse (recombination)

aqueous TED solutions, no noticeable relaxation term due to
protolysis reactions is expected to exist in the systems with
added NaOH. According to these expectations, the Debye-type
relaxation in the lower frequency range is in fact absent in the
TED/NaOH/water system (Figure 8). The high-frequency
relaxation, however, which has been related to concentration
fluctuations in the evaluation of the spectra, remains unaltered
if water is exchanged for the aqueous NaOH solution. Obvi-

and forward (dissociation) processes, respectively, can beously, this relaxation term does not noticeably depend on the

derived from the relaxation rate data and the equilibrium
constantKs, where Ks; = 14 — pKg, (eq 4). The values
ks, = 1.1 x 101 L/(mol s) andkl, = 1.3 x 107 s~ L result. The
finding of kg, ~ ki,/3 reflects the repulsive Coulombic force
between the TEDH ion and the additional proton, consistent
with the arguments by Eigen et &Il. The comparatively high
value for the rate constark, of the dissociation process
indicates a rather small stability of the TEB¥ complex in

an acidic solvent.

An analogous application of eq 19 allows for the determi-
nation of the isentropic volume change, which turns out to be
as small as 16.2 cttmol only. The significant difference to
the (adiabatic) reaction volume of the first step of protonation

extent of protonation of TED molecules.

The spectrum for the TED/NaOH/water system (Figure 8),
where the contributions from the fluctuations in the TED
concentration are not masked by an additional Debye relaxation
term, may also be taken to clearly indicate the suitability of the
unifying model. The small values found for tizeparameter
(2 A < £ < 4.2 A; see Table 3) indicate that there do not exist
long-ranging spatial correlations in the aqueous TED solutions.
It is, however, worthy to note that application of the spectral
function eq 15 to the Romanexsolov’ev model yields; <
Imin, Wherelmin = 1 A typically. HenceZ > 2 A clearly shows
that spatial correlations cannot be neglected in the TED/water
systems.

is assumed to reflect a noticeable difference in the rearrangement In Figure 9, the RomanevSolov'ev amplitude paramet€&)

of the hydration structure between both steps of protolysis.
Charging of the neutral molecule, obviously, leads to substan-
tially stronger changes in the hydration properties than addition
of a further electrical charge to the already protonated TED.
TED Association. Our assumption of the high-frequency
relaxation term in the spectra of aqueous TED solutions to be

and the characteristic time

3y £’
kT

.= £1(4D) = (25)

due to concentration fluctuations is substantiated by results for that describes the decay by diffusion of fluctuations with typical

solutions with sodium hydroxide added. In Figure 8, the sonic
excess absorption spectrum for 0.9 mol/L TED in water and
also in a solution of 0.1 mol/L in O is shown. From the

length & are plotted as a function of the volume fractiprof
hydrated TED molecules. The values for thisarameter have
been obtained by discussing dielectric spectra of aqueous TED
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solutions in terms of a hydration mo8&hassumingZ, water [ T T

molecules per molecule of solute to be affected in their dielectric 1.0 AF; -
properties. §°\A
Both Q and 7 increase atv > 0.25 to adopt a relative 2 an
maximum in the range df values that correspond to the closest \A
packing of hydrated TED molecules, which are assumed to be 08 \A -

equally sized and spherically shaped. The ratio of the hydration
water to pure water relaxation times, also derived from dielectric
spectra? increases in this range éfvalues fromey/t,y = 2.15

+ 0.1 aty < 0.6 (v < 0.11; », volume fraction of TED) to
much higher values. A relaxation timg~2 1y, is characteristic

of many solute€® The significant increase in, when strong

06 V\ T
(]
overlaps of the hydration region occur is assumed to reflect the \ N

reduced density of hydrogen bonding sites offered to a hydration V\ J

(qv/r]s)/(nvlﬂs)vr KS/x;' Fion

water molecule to form a new bofi#l. “(
Also in the range ofv values around that of the closest

packing of spheres, the parametgrwhich measures the width

of the underlying hydration water relaxation time distributon, ~ ———— T T T T T T T T T TNy

increases substantially, thus pointing to a change in the 02, 07 14 21 moUL 28

microdynamic behavior of the water surrounding TED mol- ¢

ecules. We conclude that at small solute contént (0.15,c Figure 10. Relative volume to shear viscosity ratiguys) (/15w

= 0.25 mol/L) the TED molecules appear to be rather randomly (@), normalized adiabatic compressibilitg/x", and activity coef-

distributed. At higher TED content concentration fluctuations ficient aq.n (v) of aqueous TED solutions at 2% displayed as a

exist as indicated by a nonvanishing amplitude param@ter  function of solute concentration. The dashed curve indicates the

As a result of hydrophobic effects, the TED molecules obviously ViScosity ration./ns = 2/3. w denotes pure water data.

tend to form associates that, as shown byihdata, increase 1 -

until the volume fraction of the hydrated solute molecules adopts Ks=p G (27)

a value around that of the closest packing of spheres. In that

concentration region association of TED molecules leads to anof the solutions has been calculated from the sound velocity

increase in both the characteristic relaxation time and the width data measured at around 1 MHz (Table 1). Again, owing to its

of the relaxation time distribution of the hydration water. Owing open structure, water is characterized by a rather high compress-

to the lack of excess water, a tendency toward a more ibility (xs = 4.479x 1071°m? N1, 25°C). It decreases with

monodisperse liquid structure results at even higher solute increasing TED concentration. Hence, both global quantities,

concentration, as visualized by the decreasing correlation decayyv ands, do not show a special behavior at the solute content

time e. that corresponds to the volume fraction of the closest packing
Volume Viscosity, Adiabatic Compressibility. According of (spherically shaped) hydrated TED molecules.

to the relatioft

s 5. Conclusions

n=- 5B =3 (26) Ultrasonic spectra of solutions of triethylenediamine in water
and also in aqueous sodium hydroxide are capable of showing
the volume viscosity;, of the TED solutions can be globally ~ contributions from two different elementary relaxation mech-
related to the paBv in the ultrasonic absorption per wavelength anisms. The chemical relaxation with a relaxation frequency
and to the shear viscositys. By application of eq 26, small ~ around 10 MHz reflects either step in the protolysis reactions
effects of energy dissipation from the sonic field due to heat of the weak base, TEB- H,O = TEDH" + OH™ at high pH
conduction are neglected and the solutions are consideredand the step TEDH'+ H,O = TEDH" + H30" at low pH.
homogeneous liquids with respect to their high-frequency An evaluation of the chemical relaxation term allows the forward
ultrasonic properties. The volume viscosity to shear viscosity and reverse rate constants and the isentropic volume change of
ratios resulting from th& values of Table 3 by using eq 26 are  the reactions to be determined and also the activity coefficients
displayed as a function of solute concentration in Figure 10. of the first step of protolysis to be presented as a function of
The rather highy./ys ratio for water §,/ns = 2.7, 25°C) is the solute concentration. The relaxation with a relaxation
assumed to be due to the open structure of the hydrogen-bondedrequency around 1 GHz is subject to a relaxation time
liquid with a suggested structure relaxation frequency well above distribution. It exists at higher TED concentrations only and
our frequency range of measuremeéhtAs usually found with can be favorably represented by an extended model of the
aqueous solutions, the addition of the solute leads to a reductionRomanov-Solov'ev theory of concentration fluctutions. Hence,
in the 5/ys ratio.  This reduction may be taken to reflect the consistent with results from dielectric spectrometry, we have
disturbance of the hydrogen bond network and the partial to conclude that the TED molecules form associates in aqueous
breakdown of the voluminous water structure resulting thereby. solutions with solute concentration > 0.5 mol/L. This
Within this series of TED solutions, however, the viscosity ratio association appears to be largely independent of the pH.
does not reach the limiting valug/ns = 0.67 (dashed line in ~ Obviously, it is due to hydrophobic effects. This is a rather
Figure 10), which is assumed to apply for liquids without a unexpected result, since normally molecules wittalkane
structural relaxation at very high frequencfé$3 groups rather tend to associate, while TED is an almost compact
The successive breakdown of the hydrogen network structureglobularly shaped molecule.
of the solvent water by adding of TED is also reflected by the
compressibility data displayed in Figure 10. The adiabatic =~ Acknowledgment. Financial support by the Deutsche For-
compressibility schungsgemeinschaft is gratefully acknowledged.
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