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Molecular Dynamics of the Interaction of Some Alkaline-Earth Cations with Some Pentoses
Undergoing 4G, = 1C4 Isomerization
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Ultrasonic relaxation spectra in the frequency range 04 MHz of the ions CH or B&", interacting

with the pentose®-(—)-ribose, b-(—)-lyxose, andp-(—)-arabinose at concentrations of 0.5 M and molar
ratio (pentose/metéll) = 1 at 25°C, are reported. For Gaor Ba&" with b-(—)-ribose ultrasonic relaxation
spectra at various concentrations ugte 0.7 mol/dn? at 25°C are also reported. The ultrasonic spectra can

be interpreted by the sum of three Debye relaxation processes. The one at the lowest relaxation frequency
(~0.07-0.25 MHz) is ascribed to the 4G= 1C, isomerization of the carbohydrates. The relaxation process
at intermediate frequency~0—12 MHz for C&* or 50—60 MHz for B&") is interpreted as due to the
partial desolvation of the cations by the carbohydrate. The “fast” relaxation process-at@2MHz is
attributed to the diffusion-controlled approach and initial desolvation of the cation and carbohydrate. The
two faster processes are interpreted according to the multistep-Elgeanm complexation mechanism: M

+ carbohydrate= (ki/k—1) M?*---carbohydrate= (ko/k_2) M?" carbohydrate.

Introduction has been used in the frequency rang&—1100 kHz (0.08-

1.1 MHz). The cell, holding a-40 cn? volume of liquid is
equipped with concave, X-cut, 1.25 MHz fundamental quartz
crystals that were cut and made concave by Mr. W. Sauermann

of the Max Planck Institute of Nikolausberg, Germany. The

The molecular relaxation dynamics of Caand B&" added
to glucose, at a concentration rafa= 1, have been reportéd
and interpreted by a multistep Eigefiamm mechanisr For
the case of glucose, the rotation of the £BH group of the

C-6 carbon was a complication, and the unobservability of a
4C; = 1C,4 equilibrium, because of the excess of one of the

two forms, deprived the research of the presence of a detectabl

~0.1 MHz process and of the possible elucidation of the
influence of the cations on the 4&= 1C, isomeric relaxation.
For the nonspecialist reader, the 4€ 1C, symbolism refers

to the process illustrated below, where the numbers identify the

upper or lower position of the carbon atoms 4 or 1 of the

radius of curvature of the crystals was 2.0 m. The crystals were
gold plated, coaxially on the convex contact side, and were gold

eolated on the edges and on the concave side. With a rubber

ring of about 8 mm thickness, separating the two crystals,
resonances separated by about 60 kHz were recorded between
80 kHz and~1.1 MHz. The cell was calibrated with a 0.20 M
MnSQ, solution in water at 28C, leading to results consistent

with those of Hemmes et dl.gbtained in our laboratory by the

carbohydrate ring with respect to the plane passing through thePuIse technique in the frequency range350 MHz.

carbon atoms 2, 3, and 5 and the oxygen atom of the ring.
4

For the pentose®-(—)-ribose, b-(—)-lyxose, andp-(—)-
arabinose, the presence of both;4@d 1G conformations, at
comparable concentrations, has been establishaatl the
dynamics of the process 4G= 1C, (or of its reverse) have

been studied, by ultrasonic relaxation spectra as reported Sefore

in the frequency range 0.£2000 MHz. It was then logical to
extend this study to the molecular interaction of eithet'Ga
Ba?" with the above pentoses.

Experimental Section

The resonator celtsand techniqueand the pulse techniggie

have been described previously. A new ultrasonic resonator cell

T Polytechnic University.
* University of Utah.

The reagentsp-(—)-ribose (Fluka,>99%), b-(—)-lyxose
(Sigma, minimum 99%), anok-(—)-arabinose (Sigma, minimum
99%), were used as received. Ca2H,0 and Ba(ClQ), were

Aldrich products, 98% and 99% pure, respectively. They were

kept in desiccators and weighed in a drybox together with the
pentoses in volumetric flasks. Deionized water was added, up

to the fiduciary mark, after the salts and pentoses had dissolved

in the partially filled flasks. The solutions were kept in a
refrigerator for at least 1 day before use. No solution was used
more than 3 days after its preparation.

'Results and Calculations

Figure 1 reports the ultrasonic spectrum for 0.5mM—)-
ribose in the form ofa/f2 vs the frequency (~0.1 to ~400
MHz) at 25 °C. The solid line for the “solvent”, at this
concentration, interprets the data by the Debye function for a

single relaxation frequendiy1; according to the functioh:
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IR

2 (0
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TABLE 1: Ultrasonic Parameters Ay, f1, A11, f11, A111, f113, and B, and Sound Velocitiesu, According to the Fitted Function (eq
1) for All the Systems Investigated at 25°C

Al x 107 A11 x 1017 A111 x 1017 B x 107 ux 10°
¢ (mol/dn) (cm*s) f1 (MHz) (cm* ) f11 (MHz) (cm* ) f111 (MHz) (cm?s?) (cms?)

System: C& +b-(—)-Ribose

0.70 11 170 525 12 42 000 0.10 22 1.589

0.50 8 150 300 10 30 000 0.22 23 1.562

0.35 5 140 220 10 18 000 0.15 22 1.537

0.25 5 140 162 10 15 000 0.25 18 1.543

0 (0.50 M ribose) 9 000 0.25 24 1.547
System: C& + p-(—)-Lyxose

0.50 10 150 60 10 52 000 0.09 21 1.569

0 (0.50 M lyxose) 52 000 0.09 225 1.515

System: C& + p-(—)-Arabinose

0.50 10 150 70 10 14 000 0.18 23 1.563

0 (0.40 M arabinose) 39 700 0.20 22 1.511
System: B&" + p-(—)-Ribose

0.50 40 150 40 60 130 000 0.07 22 1.512

0.35 28 145 28 55 40 000 0.15 23 1.512

0.25 20 130 20 55 60 000 0.09 22 1.516

0.15 11 120 11 50 27 000 0.15 22 1.507
System: B&" + p-(—)-Lyxose

0.50 12 150 22 60 30 000 0.09 22 1.515

System: B&" + p-(—)-Arabinose
0.50 6.6 150 6 60 46 000 0.10 24 1.524

aMolar ratio [M?*])/[carbohydrate}= 1.

10000 7 above sequence repeats itself each time the increasing frequency
f approaches one of the relaxation frequencies.

Sound absorption data are sometimes plétiteterms of the
excess sound absorption coefficienf. as the quantity

5,000

U= Ol = (]% - B)uf (I

500

versus frequency. Hereu denotes the sound velocity arid
the wavelength of sound; i.eu = Af. A u versusf plot of
ultrasonic data is sometimes preferred because the broad maxima
resemble other types of absorption spectra.

Notice that small effects centered at-Z80 MHz reported
before for concentrations=1 M are not discernible in Figure

(ou/ ) 10" (em’'s?)

o] 1. A single Debye process seems to interpret the data adequately.
Table 1 reports the paramete¥s i, f112, andB for the “solvent”
[ I S S B S S S A A 0.50 Mb-(—)-ribose in water and 25C. (The subscript “111”
) is intended to emphasize comparison with the electrolyte
Figure 1. Ultrasonic spectrum, in the formuf?) vs frequencyf, for solutions below.)
the systenp-(—)-ribose at concentration= 0.50 mol/dni in water at Figure 2 shows the ultrasonic spectrum of 0.50 MCéa
25°C. 0.50 Mp-(—)-ribose in the form ofu/f2 vs the frequency (~0.1

to ~400 MHz) at 25°C. The sound absorption spectrum of
o is the sound absorption coefficient (neper/em1/8.686 Figure 2 appears more complex than that of Figure 1 with the
decibel/cm) at the frequendy For a nonrelaxing fluido is slowest relaxation process enhanced. The spectrum profile can
proportional tof2. Thus a plot ofo/f2 versusf as in Figure 1 be interpreted as the sum of three Debye relaxation processes
should be a horizontal straight line in the absence of a relaxationcharacterized by the relaxation frequencfgsfiy, and fi1,
process. When a relaxation process is present, energy absorbegiccording to the function of eq°l:
by the molecular process responsible (partially) for the value
of o decreases with increasinfy (because that particular a_ A + Aug Ay
relaxation process occurs less and less with incredkiftgnce £ 14+ (f/f1)2 1+ (I, 1)2 1+ (ffy, ])2
the frequency normalized value of expressed by the ratio

o/f2, undergoes a descending sigmoid behavior with increasing whereA;, A1, andAq;; contain the information associated with

f that tends to the constant value @f? at higher frequencies  the three relaxation processes, wheRdsthe value obJf? at
corresponding to the remaining nonrelaxed processes in the fluid.frequencies much abovh, fi;, and fi13, namely the high-
Au11 contains the relaxation information due to the observed frequency background absorption functianf®)e,s,,f,,,.
processB is the value of/f? for frequencies much larger than Figure 3 shows the ultrasonic spectrum of 0.500M—)-

fi11. When there are multiple Debye processes, as in the presentyxose in the form of (/f2) vs the frequency (~0.1 to~400
case, characterized by relaxation frequené&ie§, ..., f,, the MHz) at 25°C. Table 1 reports the parameters used according

+B ()
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Figure 4. Ultrasonic spectrum, in the formu(f?) vs frequencyf, for

Figure 2. Ultrasonic spectrum, in the fornuf?) vs frequencyf, for
the system CH + p-(—)-ribose at concentration = 0.50 mol/drd,
molar ratio ([C&*]/[ p-(—)-ribose]) = 1, and temperature 25C.

the system B& + p-(—)-lyxose at the concentration= 0.50 mol/
dm?, molar ratio ([B&"])/[p-(—)-lyxose] = 1, and temperature 2%C.
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Figure 3. Ultrasonic spectrum, in the formu(f?) vs frequencyf, for
the systenp-(—)-lyxose at concentration = 0.50 mol/dni in water

at 25°C.

to eq | to fit the data in accord with a single Debye relaxation

function which is also adequate in this case.

T
200

1
500

and~60 MHz for B&"; namely, the ratidy1(Ba2")/f11(Ca")

~ 6. Textbooks report the rate constant of substitution of the
first coordination sphere water around the cations'Bad C&+

to be about 1 order of magnitude apart, naméBe2")/k(Ca™)

~ 10. The above considerations suggest that the processes
characterized byf; and f;; correspond to the EigefiTamm
complexation scheme.

K i
M2+ carbohydrateé M”---carbohydrate:

(M?" carbohydrate) (IV)

with M2*+---carbohydrate denoting a solvent separated species,
whereas (M* carbohydrate) is the contact metal tecarbohy-
drate complex.

The relaxation process characterized by the relaxation fre-
qguencyfiy; is attributed to the isomeric ring inversion 4€-
1C4, a process already studied separatelynfortunately,
limitation of our lowest accessible frequency+80 kHz (0.08
MHz) precludes a precise determination of any possible effect
of the complexed cations diy; that, therefore, must be retained
in a semiqualitative way, as a figure of approximate value.

More relevant, for the present work, is the study of the
concentration dependence of process IV which has been carried
out for both C&" + p-(—)-ribose and B& + p-(—)-ribose at
25°C.

The Eiger-Tamm matrix analysis of process IV leads, for

Figure 4 shows the ultrasonic spectrum of?B&.50M +
p-(—)-lyxose 0.50M in the form ofi/f? vs the frequency (~0.1
to ~400 MHz) at 25°C. For this representative spectrum as

the positionk;, k-1 > kp, k_p, to the expressiofis

well as for all those investigated in this work, the spectrum T =2t = ko0 +k V)
profile for the solutions of electrolytes can be interpreted as P

the sum of'three Debye.relaxatlon processes, charactenzed by T"—l =2nf, = k29+—K + k., (V1)
the relaxation frequencie, f111 and f113, according to the -1

function of eq 1118
Table 1 contains the parametéys f1, Ai1, f11, A111, f122, and with @ = 20c, whereo is the degree of dissociation of the
B and the measured sound velocity (cm/s) for all the complexes C#& ~riboseor Ba?"ribose andK_; = k_1/k;. The
concentrations and pentoses investigated at@5 quotientd/(60 + K—;) in (VI) is denoted hereafter by.
Scrutiny of the results indicates that the relaxation frequency  Stability constant& = [M 2" ribose]/[M?H][ribose], omitting
f1 is fairly independent of the nature of the cation and of the ionic activity coefficient ratios, namely stoichiometric stability
pentose considered. Furth&r, seems to be-10 MHz for C&* constants for Cd ribose and B& ribose, were reportédo
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TABLE 2: Calculated o, 6, and ¢ Values at the Concentrations Investigated for C&" + p-(—)-Ribose and B&" + p-(—)-Ribose
at 25 °C#a

System: C& + p-(—)-Ribose, 25CP

C (mOl/dfTﬁ) o° 0 = 20C T|71 = 2.7{](1, st ¢ = 9/(0 + Kfl) ‘L'||7l = 2.7Tf11|371
0.70 0.5986 0.8381 1.07 10° 0.3423 7.5x 107
0.50 0.6559 0.6559 0.94 10° 0.2895 6.3x 107
0.35 0.7143 0.500 0.88 10° 0.2370 6.3x 107
0.25 0.7656 0.383 0.88 10° 0.1922 6.3x 107

System: B&" + p-(—)-Ribose, 25°C4

c (mol/dn?) o¢ 6 = 2ocC = 27y, st ¢=0/(0+K-y) T t= 27tf1s, st
0.50 0.6457 0.6457 0.9%4 10¢° 0.3353 3.8x 1¢°
0.35 0.7046 0.4932 0.9 1¢° 0.2781 3.5x 1¢°
0.25 0.7567 0.2784 0.82 1¢° 0.2282 3.5x 1¢°
0.15 0.8260 0.2478 0.7 10° 0.1622 3.1x 1¢°

aThe quantities; " and 7, 7%, the inverse of the “fast” and “slow” relaxation times, are reported together with the results for rate constant and
equilibrium constants? Linear regression of, 1 vs 0: r2 = 0.89; intercept= k-1 = 6.9 x 1® s7%; slope=k; = 4.3 x 1* M7t s, K; = (ki/k-1)
= 0.62. Linear regression, "t vs ¢: r?= 0.63; intercept= k., = 4.7 x 10’ s7%; slope=k, = 7.3 x 10’ s7%; K, = (ko/k-p) = 1.6; K = K;(1
+ Kp) = 1.6.°FromK = 1.6 = (1 — 0)/o%. 9 Linear regression of, "1 vs 0. 2= 0.95; intercept= k1 = 6.4 x 10® s7%; slope=k; = 5.0 x
1M tst Ky = (ki/k-1) = 0.7. Linear regression ofy "t vs ¢: r2=0.92; intercept=k = 2.6 x 1s%; slope=k, =3.4x 10¥s % K,
= (k/k_2) = 1.3; K = Ky(1 + Kp) = 1.8.¢FromK = 1.7 = (1 — o)lo?C.
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Figure 5. (a, top) Plot ofr, "t vs 6 for C&" + p-(—)-ribose at 25 °C. 0 0.1 b — o2 03
(b,zbotg)m)Plot ofru~ vs ¢ = 0/(0 + K-1), for C&" + p-(—)-ribose Figure 6. (a, top) Plot ofr, 1 vs 6 for B&* + p-(—)-ribose at 25C.
at 25°C.

(b, bottom) Plot ofry~* vs ¢ = /(6 + K_,), for B&" + p-(—)-ribose
. at 25°C.
beKca-D—(—)-ribose= 1.6 andKga-D(-yiivose= 1.7. By expressing

eachK = 1 — ¢/(0%c), we have calculated and thend = 2oc
(Table 2).

Linear regression of,~1 vs 6 and ofz;~1 vs ¢ according to
egs V and VI giveks, k-1, K1, ko, k-2, andK; (Table 2), Figures
5 and 6. It is clear thaK;, Ky, andK = Ky(1 + K3) are in
accord with literature dafafor the overall complexation
constantsK of Ca&" and B&" with p-(—)-ribose at 25°C.
Further,k; andk_; are close to each other for &aand B&"
interacting withp-(—)-ribose. However, the values &f are

partial cation desolvation, probably in the second coordination
sphere water, is responsible for the above differences ipthe
values between Caand B&". From Table 1, at = 0.50 mol/
dm?, one calculates for C& + b-(—)-ribose at 25°C uy =
93.7 x 1075 whereas, at the same concentration fo?'Ba
p-(—)-ribose at 25C, u; = 454 x 1075, a factor of~5 larger.

In the aboveu; = (1/2)Asufr. Also, the ratio betweeky(Ba?")

= 3.4 x 1 s andky(Ca&") = 7.3 x 10" s, namelyk,-
(Ba2M)/kx(Ca™) = 4.7, is within a factor of 2 of the ratios

below what one expects for a diffusion-controlled approach rate between the substitution rate constants of water in the first

constant. According to Smoluchow8ki = 8RT/3000; = 7.4
x 10° M~1 s71 whereR = 8.31 x 10’ erg/K-mol is the gas

constant andy = 0.0089 poise is the viscosity of water. That
this first step of complexation involves more than diffusion is

evidenced by the large differences in tievalues. Evidently,

coordination sphere of the cations as reported in the literdture.
The above differences (a factor of 2) should not surprise the
reader, if one remembers that the ab&yealues refer to the
removal ofthreemolecules of water associated with the cation
in the final complexes Caribose and B& ~ribose according
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to the literature, whereas the literature valueskgf{Ba2")/
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rate of the cation. In a previous papgere reported that Ca

+ methyl$-arabinopyranoside showed a relaxation process

centered around-41 MHz, whereas Ca + 1,6-anhydrgs-

Supporting Information Available: Experimental values
of S= 771+ ¢y andP = 7,717~ and calculated values of

glucopyranoside showed a relaxation process centered aroundhe same quantities according to egs VIl and VIIl. This material
~26 MHz. These figures are different from the ones in Table is available free of charge via the Internet at http://pubs.acs.org.

1 for C&" + b-(—)-ribose, C&" + b-(—)-lyxose, or C&" +

D-(—)-ribose, indicating a relaxation process centered around References and Notes

~10 MHz. Evidently, the carbohydrate ligands participaite,
some casesn the activation energy profile of the complexation
reaction.

Concern that the conditioky, k-1 > kp, k- was not true for
the case of B& +bp-(—)-ribose prompted us to repeat the
calculation using the more complete results of the Eigesimm
matrix analysi€. The sumSof the reverse relaxation times and
the productP of the same two quantities, namely= 7,71 +
i tandP = 7,71, 74, in terms of the rate constants aficire
expressible as

Sac=kK0 +k;+k+k, (Vi

P = KOk, + K_,) +K ik D)

Table 11IS (Supporting Information) reports the quantities
and P, both experimental and calculated, using thand 6

calc

values reported above. It is shown that the agreement is within

30% for B&" and within a few percent for G4, both figures
within the experimental error of the quantity () 7%).
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