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Abstract

The apparent molal volumes and compressibilities of TRIS and TRIS-HCI have baenirtsde
in water (5 to 4%C) and 0.725m NacCl (5 to 25). The changes in the volum&\) and
compressibility 4 ) for the dissociation of TRIS-H

TRIS-H' =TRIS + H

as functions of temperature in water and 0.725m NaCl have been determined from these
measurements. The valuesA andAx« have been used to determine the effect of pressure on
the dissociation constant for TRIS-KK"/K°).

IN(K"/K®) = -AVI(RT) P + 0.5A«/(RT) P?

These results will be useful in the calibration of pH systems makisitu measurements at high
pressure in seawater. In 0.725m NaCl°a &nd a pressure of 2000 bar, the dissociation constant
is reduced by 29%.

KEYWORDS: Seawater pH; TRIS buffer; high pressure; dissociation constant; partial
molal volume; compressibility.
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The absorption of atmospheric €By the world’s oceans and has led to a measurable
change in oceanic pH, often referred tmesan acidification. To understand the change in
ocean chemistry from the surface to the deep ocean, traditional methods havenredipth-
discrete seawater samples collected onboard ships, with subsequent anatysisedarf
laboratories at atmospheric pressure. In recent years, autonomous sensbeghaleyeloped
to analyze thén-situ chemistry of the ocean, including measuring the pH directly (Martz et al.,
2010; Bresnahan et al., 2014). The sensor technologies to vertically-profile the pHtef-a wa
columnin-situ are still emerging. Nevertheless, these pH sensors should contribute to our
understanding of the state of oceanic pH and overall treratgan acidification. As the
measurements obtained from the sensors reflect the physical conditionswfdbeding
waters, their influences should be accounted for when making calculations of dhemica

equilibrium systems.

TRIS buffers have proved useful in calibrating pH electrodes and indicatorsdaalnat
waters (Ramette et al., 1977; Dickson, 1993; Millero et. al., 1993; Clayton and Byrne, 1993;
Pratt, 2014). The buffer system is typically composed of an equimolal ratio ofutnal ne
species, TRIS, and the protonated species, TR|Svhich may come in the form of a TRIS-HCI

salt. The dissociation of TRIS Hs maintained by equilibrium between the two species
TRIS-H =TRIS + H (1)

For an equimolal buffer solution, the pH can be calculated directly fronKivéaghe
Henderson-Hasselbalch relationship: pHk==- log(K), where K) is the dissociation constant

for the reaction above. The temperature- and salinity-dependeri€efof TRIS-H"
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dissociation in natural waters at 1 atm pressure have been characterizedspyewiith a

precision on the order of + 0.000K pinits (Datta et al., 1963; Ramette et al., 1977; Dickson,
1993; DelValls and Dickson, 1998; Foti et al., 1999 reformulated by Millero, 2009, and Millero
et al., 2009). The effect of pressuR} on TRIS-H dissociation has not been thoroughly
examined; however it can influence a reaction through changes in the vfamea (
compressibility & = - dV/0P). It is possible to estimate the effect of pressure on the dissociation

constantK) of a weak acid with
In(KP/K®) = -AVI(RT) P + 0.5A«/(RT) P? (2)

where the superscript on the dissociation constant indicates the gaugeepfessiat 1atm or
1.013 bar).T is the absolute temperature (in Kelvin), &id the universal gas constant
(83.1441 cmbar mol* K™). The change in the voluma\() and compressibilityx) for the

dissociation €éguation 1) are determined by differencing the values of the products and reactants

AV =V YTRIS) +V °(H") -V (TRIS-H") (3)
Ak = k(TRIS) + k °(H") — k (TRIS-H") (4)

The bar denotes the partial molal propek_ly(i() = 9V/on; and « (i) = dk/dn;, whereV andk are
the solution volume and compressibility, respectively, mmnsla mole of species)]. The
superscript (0) indicates reference conditions of infinite dilution concentratiortrandpheric

pressure (1.1013 bar).

Previous studies have demonstrated the success of this method for estimating the
influence of pressure on the dissociation of weak acids such as phosphoric and boric acids

(Millero et al., 2010, 2012). The valuesA¥ andAx can also be determined from direct
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measurements of the effect of pressure on a dissociation constant. For examples eloglki
(2000) directly measured the effect of pressure on the dissociation of thymoiditetor (a
reagent used in pH measurements) and derived the associated change in volume and

compressibility.

There is limited data available for the change in volum# for TRIS-H" dissociation in
water (Neuman et al., 1973; Kitamura and Itoh, 1987; Ford et al., 2000); however, the ohange i
volume due to pressure, or the compressibikty ¢ dV/0P), has not been determined. In this

paper, we have made measurements of the density and sound speed of TRIS and TRIS-HCI to

determine the infinite dilution partial molal volumas®) and compressibilitiesi(°®) as a

function of temperature in water (5 to°@ and in 0.725m NaCl (5 to 25). The results have

been used to estimate the effect of pressures up to 2000 bar on the dissociation of iiRIS-H
water and 0.725m NaCl solutions. The results found for 0.725 m NaCl solutions can be used to
examine the TRIS buffer equilibrium prepared in artificial seawatere(Cand Brinkley, 1941

thus allowing for then situ calibration of pH sensors in seawater at high pressure.

2. Experimental

2.1. Density

All solutes used in this study were reagent grade (>99% punitgh)used without further
purification. The TRIS and NaCl were from Sigma-Aldrich and the TRI$4d{ was from MP
Biomedicals. The densities of the solutiogd kave been measured on an Anton Paar 5000
vibrating tube densimeter. The temperatures were maintained.@®2C and measured with a
Platinum thermometer embedded in the system. The densimetarali@ated at 2% with

deionized water (Millipore Super Q) and dry air and the measumsnwere made with a
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precision of + 9 ppm. The values for the density of watgy &re taken from Kell (1975)
adjusted to the 1990 temperature scale (Millero and Huang, 2009) amanbezlded in the
densimeter. The densities of water and 0.725m NaCl agree wighulthished values of Millero

and Huang (2009) and Connaughton et al. (1986) to £ 7 ppm and + 13 ppm, respectively.

Separate stock solutions of TRIS and TRIS-HCI were prepared in water and 0.725m
NaCl with molalities (mol kg-BH0™) starting near 1 molal and diluted by weigMeasurements
in seawater were inhibited by the low solubilities of TRIS, which is likelyodysst of
precipitation with calcium or magnesium. As suggested by Owen and Briji@é¥), solutions
of 0.725m NaCl can be used to represent average seawater at the same igtic skhen
densities 40 = p— o) were examined by subtracting the density of the solyeribf water, or
pfor 0.725m NaCl) from the solutiop), They were measured as a function of temperature
from 5 to 48C in water, and from 5 to 26 in 0.725m NaCl. The results for®18p (g cni®) in

water are given imTABLE 1 and the results in 0.725m NaCl are givef ABLE 2.
2.2. Sound Speeds

Separate stock solutions of TRIS and TRIS-HCI were preparedater and 0.725m
NaCl and the sound speeds were measured as a function of tengp@ratudSC in water; 5 to
25°C in 0.725m NaCl). The sound speeds have been measured with-arasing sound
velocimeter at 2 MHz (Nusonic, Inc.) in a 250 %water-jacketed cell. The temperatures were
controlled to + 0.00Z with a Thermo Scientific bath and measured with a Guildlingadligt
resistance thermometer. The velocimeter has two transduceendar and a receiver). The
pulse repetition frequency, (s') was measured with a BK Precision Frequency counter. The

sound speedJ, m s%) is related to the measured frequency by (Millero and Kubinski, 1975)
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1f={U +1 (5)

where( is the effective path length between the transducerg @&the electronic delay time.
The system was calibrated at each temperature withQ8okl exchange water (Millipore Super
Q) using the equation for the sound speed of pure wdigrof Del Grosso and Mader (1972).
The values of = 0.011849 + 0.000002 m amd= 3.465 + 0.03E-7 s were determined at@5
usingUp = 1496.67 m'S. The values for the sound speefis € U — Ug) were calculated from

(Millero and Kubinski, 1975)
U-Uo=¢(f—fo) /[(1 —f7) (1 —Fo7)] (6)

where the pure solvent is demarcated with the subsdiiptf{ for water; U,, f, for 0.725m
NaCl), andU is the sound speed of solution. The sound speed of 0.725m NaCCah&®b a
value of U, = 1540.83m s* which is in agreement:(0.01 m &) with the literature values
(Millero, et al, 1987). The average precision of the sound speed meastsevas + 0.07 ni's
Results ofAU measured in water and 0.725m NaCl are giveTABLE 3 and TABLE 4,

respectively. They have been used to calculate the adiabatic comptgggiibf the solution

Bs= 1l U? (7)

It should be noted that the adiabatic compressibifity i6 not exactly equal to the isothermal
compressibility #r) which requires accurate values for the expansibidity ¢ dp/0T) and heat

capacity (@) that are often unavailable.

pr=Pps+a’TlpCp (8)
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Ultimately, values offr or fs will be used to determine the partial molal compressibiliies
infinite dilution (x°. Desnoyers and Phillips (1971) have derived a relationship to convert

between the isothermak () and adiabaticK <) partial molal compressibilities at %5
10 k%= 10 k L+ 36.79E°— (1.135 x 10) Cp° 9)

where Eis the partial molal expansibilityﬁ(i) = da/on;) at infinite dilution. The difference

between the values af + and « s for various solutes in water has been shown to be on the order
of 10% or less (Desnoyers and Phillips, 1971; Mathieson and Conway, 1974; Millero and Huang,
2011). Since reliable values for the expansibilitygnd heat capacityCp) of TRIS and TRIS-

HCI are not available, we have assumed equivalency betfiemrd fr, and hereafter leave off

the subscriptd). The adiabatic compressibility at’25for water o) was measured as 44.775 X

10° bar* and the value for 0.725m NaCl was measurefl,as 41.061 x 18 bar’. These are
within + 0.001 and 0.002 x T0bar’, respectivelyof the literature values (Kell, 1975; Millero et

al., 1980).

173 3. Results
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The apparent molal volume4/f and apparent molal adiabatic compressibilitfeg ¢f

TRIS and TRIS-HCI in water have been determined from the gg@iand compressibilityA)

measurements
A/(i) = 100000 —)/(0 pom) +Milp (10)
“k(i) = 10006 oo —fo P)I(0 Lo M) + S Milp (11)
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Them is the molality andVl; the molecular weight of soluté) (M; = 121.14 g mat for TRIS
andM; = 157.6 g mot for TRIS-HCI) and the other terms have been defined previously.e Sinc
we are interested in measurements relative to pure wateragparent molal volumes and

compressibilities in 0.725m NaCl have been determined from
A/(i) = 10000, — P)/(p p21) + M3l p + M M/ (10— /o) (12)
“k(i) = 10008 02 —f2 p)I(p P21M6) + B M3/ p + mp Ma/mg (810~ B2l 02) (13)

Wherep andp are the density and (adiabatic) compressibility, respectively, of tkteneti the
subscript (2) denotes the solvent (0.725m NaCl); and the subscript (3) denotes the stfute (TR
or TRIS-HCI). For 0.725m NaCit, = 0.725 mol kg-HO™ andM, = 54.882 g mat. The

apparent molal volumes and compressibilities were measured with an avecgem of £ 0.01

cm® mol™ and + 0.19 x 18 cn® mol™ bar?, respectively.

The results fofA/(i) and?(i) x 10 calculated in water and 0.725m NaCl are given in
TABLES 1-4. The apparent molal compressibilities of TRIS and TRIS-HCI in water avensho
as a function of molality and temperaturd-lGURE 1. In general, the apparent molal
properties are positively-correlated with temperature and concentrationestits ofA/(i) and
k(i) measured at 28 are shown as a function of molalityfhGURE 2. The poorer fits as
m~>0 mol kg-HO™ are likely due to the greater uncertainty in the measurements of théegensit
and sound speeds relative to pure water in dilute solutions. At a given temperature,rénd appa
molal volumes display stronger concentration-dependence in 0.725m NacCl solutions than in
H,O: at high solute concentration, valueg\dfi) in 0.725m NacCl are higher than in water; in

dilute solutions, values &¥(i) approach lower values in 0.725m NaCl than in pure water. The
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apparent molal compressibilities for both salts are offset to more positivesval0.725m NaCl

versus water.

202 4. Data Treatment
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4.1. Fitting Equations

Values for the apparent molal volume and compressibility of TRIS-HCI in \watex been
fitted to the Pitzer model. The Pitzer equations (1991) are ideal for repmgsdet properties of
electrolytes in solutions because they can account for the potential contrilmiti@m®us ionic
interactions. When the solution involves a single electrolyte dissolved in viitenodel takes

a simplified form

v = X v+ UZwZy Axl(2b) In(L +bIM?) + 2RTm iy [Be'™ + B  g(e) +m

Cuv ] (14)

Where, X =V or k. The bar represents the partial molal property, the superscript zero denotes

the infinite dilution value in water (not®, °= 4/°), andg%, AV, andC* are adjustable Pitzer

ionic interaction parameters. The valueyef vy + W are the number of iorid or Y with
chargezy andZy (M = TRIS-H’; Y = CI), bis a parameter set to 1.2*gmol*’?, andl is the

ionic strength. The value gf«) is given by
9(a) = 2/6°[1 - (1 +a) exp(w)] (15)

wherea = 212,

10



218 Values for the Debye-Huckel limiting slopés; andA, s, are taken from the equations of Pierrot

219 and Millero (2000) and Rodriguez and Millero (2013), respectively, as a function ofregarpe

220 (t,°C)

221 Ay (cn® kg2 mol®’?) =1.50619 + 0.0130073+ 4.8307E-3°+ 8.95087E-%°

222 - 3.7279E-9" + 2.3942E-11° (16)
223 10* Acs (et kg2 mol*?bar?) = - 2.187 - 0.105318+ 1.46994E-03? - 7.82165E-05°
224 + 1.70244E-08" - 2.253236E-08 + 1.51313E-10° - 4.1478E-13’ (17)

225 Each adjustable paramet¥f, = X °, A9 AY% andCX, for TRIS-HCI in water has been fitted

226 to a polynomial function of absolute temperatdreinf Kelvins) with
227 Y =%, (T-Try (18)

228 Wheregj is anintegerj(=0, 1, 2, 3)X=V or x, andTg = 298.15K is the reference temperature.

229 The coefficients and standard errors of the fits are givé\BL E 5.

230 Values for the apparent molal volumes and compressibilities of TRIS-HCI in 0.725m

231 NaCl, TRIS in water, and TRIS in 0.725m NaCl have been fitted to functions of the ynolalit

232 with
233 TRIS-HCI in 0.725m NaCl: X(@i) =X °() + Am*2+ B m (19)
234 TRIS in water and 0.725m NaCl: *X(i) =X °(i) + Bjm + C;m? (20)

235 whereX(i) = V(i) or «(i), the bar represents the partial molal property, and the superscript zero

236 denotes the infinite dilution value in water or 0.725m NaCl. The valugS=ofx °, A, B;, orC

11
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have been fitted to polynomial functions of absolute temperatureegaation 18. The
standard errors and coefficients for the fits of TRIS-HCI in 0.725m NaCleea giTABLE 6,

and those for TRIS in water and 0.725m NaCl are givGrABLE 7.

4.2. Infinite Dilution Values

The infinite dilution partial molal vqumes_/(O) and compressibilitiesz(o) have been

determined by extrapolatirguations 14, 19, and20 to m = 0 mol kg-BO™. The results for
the values o/ °® and « ®are given as a function of temperaturd ABLE 8. The values o/ °

are lower in 0.725m NacCl solutions than in pure water, whereas the valudsacé more
positive in 0.725m NaCl solutions than in water. The partial molal volumes and
compressibilities increase with temperature, which suggests grehayeiralgon as temperature

is increased (Ward and Millero, 1974).

5. Effect of Pressureon Acid Dissociation

Values for the infinite dilution partial molal volumég?) and adiabatic compressibilities

(;O) of TRIS and TRIS-HCI have been used to determine the change in the vaM)yrand

compressibility A«) from the dissociation of TRIS-Hisingequations 3 & 4. The partial molal

property for the protonated species (TRIS-H"), where X ° = V ° or « °,was determined by

subtracting the value for chloride (Cirom the value for TRIS-HCI
X UTRIS-H) = X YTRIS-HCI) — X °(CI" (21)

Values for X °(CI') in water were calculated from the equations of Hershey et al. (1984); and

values forX °(CI") in 0.725m NaCl were calculated from the equations of Millero (1983).

12
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It has been suggested that the change in volume for a readtipis Correlated with the
charge on the reactant (Kitamura and Itoh, 1987). As the TRIS buffer reaction snaciele
proton exchange, the value&¥ should be minimal. Gayana et al. (2013) recently compiled
literature values oV for the dissociation of TRIS-Hn water at 28C. Our result oAV = 4.38
cm® molt at 28C is in agreement with the average literature valusvof 4 cni mol*. The
results forAV andAx in water and 0.725m NacCl at each temperature have been tabulated in

TABLE 9. They have been fitted to functions of temperatyi€j

AV (cn?® mol™; in water) = 4.074 — 8.066E-@2 5.474E-03%— 7.04E-0%> (22)
Ak (cm® molt bar?; in water) = 17.66 — 2.98E-Q+ 1.257E-02%— 1.037E-04° (23)
AV (cn?® mol™; in 0.725m NaCl) = 4.872 + 0.033- 1.6E-04 (24)
Ak (cm?® mol! bar?; in 0.725m NaCl) = 9.24 + 0.547- 0.0026 (25)

The effect of pressure on the dissociation consténtii water and 0.725m NaCl has
been estimated to 2000 bar from the valueS\badndAx usingequation 2. Becaus@V is
positive, pressure acts to reverse the dissociation and the v&liésaeduced. The results for
the estimation okK"/K® in water and 0.725m NaCl as a function of temperature are given in
TABLE 10. The percent reduction in the dissociation constant has been calculated (% reduction
=100 x [1 K"/K%) and is shown as a function of pressure at 5 afi@ 25FI GURE 3.
Pressure is estimated to reduce the dissociation reaction by up to 29% in 0.725m3@@ha
2000 bar. This is equivalent to an increase of + 0.15 ipKher TRIS-H" dissociation gK = -

logK), and is significant in terms of the precision of the reference equations basatperatere

13



277 and molality alone (Ramette et al., 1977; DelValls and Dickson, 1998; Foti et al., 1990 Mil

278 etal., 2009).

279 When measurements of the sound speeds are unavailable, the effect of pressure on the
280 dissociation constant may be estimated with the relationship giveguation 2 and the values

281 for AV only. INFIGURE 4, the estimated reduction if by either including or omitting the

282 compressibility values in 0.725m NaCl af@5as been plotted and shows that the change in

283 compressibility becomes significant starting at pressures ~ 600 bar. At bgumas,

284 neglecting the compressibility change leads to an overestimation ofébhedafpressure on the

285 dissociation constant.
286 6. Conclusions

287 Buffers such as TRIS/TRIS-HCI are often selected in biochemical anticdiestudies

288 because they are expected to resist the influence of pressure. In thishetwthanges in

289 volume and compressibility from the dissociation of TRISaHatmospheric pressure have been
290 measured to estimate the effect of pressure on the equilibrium state. Ultestesw that high

291 pressures can significantly reduce the dissociation equilibrium (29% @uiucK determined

292 at 2000 bar in 0.725m NaCl). These measurements are relevant to the conditions of the upper 2
293 km of the ocean in whicim-situ pH sensors can be deployed. New equations have been derived
294  to account for the influence of pressure on the dissociation constant and should be used in

295 conjunction with the existing equations valid at atmospheric pressure to betteaiochstr

296 equilibrium of the TRIS buffer system. These equations will aid in the diaéibration ofin-

297 situ pH sensors at high pressures in natural waters. Direct pressure measicentieat

14



298 dissociation constant of TRIS™Hh water and 0.725m NaCl would be useful in validating these

299 estimations.
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Table 1. The density (Ap =p —pp and apparent molal volumes (V) of TRISand TRIS-HCI in
water.

TRIS TRISHCI
Temp. m 10° Ap? A Temp. m 10° Ap® A/

c) (molkgl) (gem® (cm*mol™®) €c)  (mol kg (gem?®)  (cm®mol?)
5 0.0459 1.449 89.42 5 0.0270 1.499 101.89
5 0.1340 4.165 89.68 5 0.0997 5.335 103.55
5 0.2875 8.799 89.75 5 0.1501 7.940 103.87
5 0.3898 11.796 89.82 5 0.2542 13.190 104.33
5 0.5741 17.000 90.00 5 0.4108 20.727 104.97
5 0.6504 19.093 90.06 5 0.5981 29.377 105.39
5 0.9253 26.470 90.15 5 0.6942 33.668 105.55
5 1.1282 31.714 90.17 5 0.7889 37.838 105.64
5 1.2012 33.587 90.15 5 1.0076 47.094 105.87
5 1.4945 40.965 90.04 5 1.1411 52.588 105.94
15 0.0459 1.419 90.13 15 0.0270 1.466 103.16
15 0.1340 4.101 90.22 15 0.0997 5.230 104.65
15 0.2875 8.595 90.52 15 0.1501 7.783 104.98
15 0.3898 11.492 90.67 15 0.2542 12.925 105.43
15 0.5741 16.652 90.68 15 0.4108 20.371 105.91
15 0.6504 18.704 90.74 15 0.5981 28.932 106.20
15 0.9253 25.953 90.79 15 0.6942 33.144 106.38
15 1.1282 31.104 90.80 15 0.7889 37.239 106.48
15 1.2012 32.941 90.78 15 1.0076 46.384 106.67
15 1.4945 40.141 90.70 15 1.1411 51.774 106.76
25 0.0318 0.976 90.53 25 0.0270 1.457 103.59
25 0.0459 1.405 90.56 25 0.0484 2.564 104.45
25 0.0598 1.828 90.58 25 0.0827 4.347 104.74
25 0.0982 2.984 90.67 25 0.0997 5.209 104.97
25 0.1340 4.048 90.74 25 0.1267 6.579 105.13
25 0.1543 4.650 90.77 25 0.1501 7.752 105.29
25 0.2451 7.297 90.89 25 0.2034 10.391 105.58
25 0.2875 8.514 90.94 25 0.2542 12.875 105.74
25 0.3297 9.710 90.99 25 0.3342 16.698 106.03
25 0.3898 11.404 91.03 25 0.4108 20.293 106.22
25 0.4397 12.791 91.07 25 0.4590 22.502 106.35
25 0.5741 16.458 91.16 25 0.5981 28.763 106.61
25 0.5884 16.840 91.17 25 0.6482 30.943 106.73
25 0.6504 18.500 91.19 25 0.6942 32.967 106.77
25 0.8300 23.202 91.26 25 0.7889 37.021 106.89
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393
394
395
396
397
398

399

400

25
25
25
25
25
35
35
35
35
35
35
35
35
35
35
45
45
45
45
45
45
45
45
45
45

0.9253
1.1282
1.1338
1.2012
1.4945
0.0445
0.0859
0.1246
0.2280
0.3764
0.4620
0.6292
0.8056
0.9881
1.1294
0.0445
0.0859
0.1246
0.2280
0.3764
0.4620
0.6292
0.8056
0.9881
1.1294

a. Measured values gfat each temperature’G: po= 0.999984 g cifi; 15°C: po =

25.654
30.757
30.883
32.561
39.665
1.336
2.565
3.705
6.702
10.867
13.215
17.674
22.247
26.843
30.307
1.327
2.546
3.673
6.631
10.763
13.101
17.482
22.059
26.628
30.206

91.26
91.26
91.27
91.25
91.17
91.34
91.40
91.42
91.50
91.65
91.70
91.81
91.87
91.90
91.91
91.78
91.86
91.93
92.06
92.18
92.20
92.38
92.36
92.37
92.25

25
25
25
25
35
35
35
35
35
35
35
35
35
35
45
45
45
45
45
45
45
45
45
45

0.9007
1.0076
1.0977
1.1411
0.0270
0.0997
0.1501
0.2542
0.4108
0.5981
0.6942
0.7889
1.0076
1.1411
0.0270
0.0997
0.1501
0.2542
0.4108
0.5981
0.6942
0.7889
1.0076
1.1411

41.652
46.093
49.643
51.458
1.448
5.200
7.758
12.923
20.383
28.890
33.185
37.249
46.543
52.136
1.450
5.197
7.728
12.866
20.273
28.820
33.092
37.155
46.434
52.014

107.07
107.10
107.23
107.17
104.09
105.22
105.41
105.71
106.16
106.56
106.61
106.76
106.80
106.71
104.20
105.46
105.82
106.15
106.65
106.90
106.97
107.11
107.14
107.05

0.999100 g ci; 25°C: po= 0.997036 g cifi; 35°C: po= 0.993997 g cifi; 45°C: po =
0.990151 g ci.

b. Measured values @f at each temperature’G: po= 0.999994 g cil; 15°C: po =

0.999114 g ci; 25°C: po= 0.997045 g cifi; 35°C: po= 0.994003 g cifi; 45°C: po =
0.990159 g ci.
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Table 2. Thedensity (Ap = p — p2) and apparent molal volumes () of TRISand TRIS-HCl in
0.725m NacCl.

TRIS TRIS-HCI
Temp. m 10° Ap? A/ Temp. m 10° Ap® Y}

(°C)  (molkgh) (gem®  (cm®*moal™) (°C) (mol kg®) (gem®  (cm®*mal™)
5 0.0820 2.404 88.60 5 0.0533 2.693 103.11
5 0.1209 3.515 88.75 5 0.1177 5.831 103.78
5 0.1901 5.464 88.91 5 0.1570 7.689 104.11
5 0.3443 9.622 89.33 5 0.2091 10.107 104.51
5 0.4564 12.484 89.66 5 0.3939 18.181 105.81
5 0.5709 15.302 89.95 5 0.5877 26.132 106.63
5 0.7147 18.655 90.34 5 0.6455 28.389 106.87
5 0.9103 23.116 90.64 5 0.8265 35.198 107.51
5 1.1747 28.800 90.99 15 0.0533 2.636 104.24
15 0.0820 2.363 89.18 15 0.1177 5.731 104.70
15 0.1209 3.455 89.33 15 0.1570 7.559 105.01
15 0.1901 5.349 89.60 15 0.2091 9.956 105.31
15 0.3443 9.388 90.10 15 0.3939 18.022 106.30
15 0.4564 12.191 90.40 15 0.5877 25.913 107.10
15 0.5709 14.965 90.65 15 0.6455 28.185 107.28
15 0.7147 18.317 90.92 15 0.8265 35.003 107.84
15 0.9103 22.683 91.23 25 0.0428 2.124 104.23
15 1.1747 28.284 91.55 25 0.0533 2.633 104.43

25 0.0473 1.372 89.24 25 0.0736 3.614 104.62

25 0.0814 2.340 89.41 25 0.1177 5.712 105.00

25 0.0820 2.353 89.45 25 0.1284 6.208 105.10

25 0.1209 3.440 89.60 25 0.1570 7.540 105.28

25 0.1442 4.076 89.72 25 0.1845 8.807 105.45

25 0.1901 5.328 89.87 25 0.2091 9.924 105.61

25 0.2377 6.584 90.07 25 0.2695 12.619 105.95

25 0.3443 9.349 90.37 25 0.3439 15.848 106.34

25 0.3718 10.042 90.44 25 0.3939 17.964 106.60

25 0.4564 12.137 90.67 25 0.4752 21.369 106.87

25 0.5549 14.529 90.86 25 0.5760 25.420 107.26

25 0.5709 14.887 90.94 25 0.5877 25.825 107.41

25 0.7147 18.214 91.23 25 0.6455 28.071 107.61

25 0.7207 18.405 91.15 25 0.8073 34.277 107.97

25 0.9103 22.553 91.54 25 0.8265 34.859 108.18

25 0.9645 23.806 91.51 25 1.1828 47.605 108.72

25 1.1747 28.136 91.85
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401
402
403
404

25
25

a.

1.2242 29.293 91.76

1.4833 34.567 91.90
Measured values @b at each temperature’G: p,= 1.029811 g cit 15°C: p, =
1.028331 g cii; 25°C: po= 1.025828 g cifl.
Measured values @b at each temperature’G: p,= 1.029798 g cit 15°C: p, =
1.028319 g cii; 25°C: po= 1.025802 g cifi.
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Table 3. The sound speed (AU = U-Uy) and apparent molal compressibilities («) of TRIS and
TRIS-HCI in water .2

TRIS TRIS-HCI
Temp. m AU 10* %k Temp. m AU 10" %«
(°C) (mol kg®)  (ms?Y)  (cm®*mol? bar™) (°C) (mol kg!)  (ms?h (cm® mol™ bar ™)
5 0.0410 1.35 -12.25 5 0.0244 2.35 -44.31
5 0.0703 2.42 -12.02 5 0.0403 3.90 -43.39
5 0.1193 4,13 -11.72 5 0.0683 6.57 -42.09
5 0.1979 6.97 -11.68 5 0.1144 10.88 -40.60
5 0.3254 11.59 -11.23 5 0.2003 19.11 -39.89
5 0.5144 18.94 -10.99 5 0.3592 33.72 -37.67
5 0.7740 29.95 -10.31 5 0.5732 52.62 -35.05
5 0.9999 44.58 -9.93 5 0.8447 75.70 -32.42
5 1.3019 57.24 -9.42 5 1.0732 94.48 -30.64
15 0.0658 3.54 -6.77 15 0.0343 3.03 -33.27
15 0.1203 6.47 -6.53 15 0.0592 5.22 -32.31
15 0.1986 10.65 -6.26 15 0.1003 8.96 -32.39
15 0.3418 18.08 -5.66 15 0.1735 15.11 -30.34
15 0.5459 28.63 -5.25 15 0.2661 22.93 -29.19
15 0.7859 40.66 -4,70 15 0.3961 33.72 -27.89
15 1.1240 57.18 -4.13 15 0.5837 48.79 -26.17
15 1.4952 74.69 -3.64 15 0.8046 66.07 -24.53
25 0.0924 4.36 -0.94 15 1.1502 92.02 -22.43
25 0.1484 7.00 -1.02 25 0.0262 2.09 -26.10
25 0.2419 11.40 -1.04 25 0.0454 3.64 -25.47
25 0.3510 16.58 -1.09 25 0.0771 6.21 -25.08
25 0.5700 26.64 -0.73 25 0.2231 17.87 -23.70
25 0.8791 40.57 -0.35 25 0.3470 27.49 -22.56
25 1.1711 53.29 0.00 25 0.5213 40.67 -21.17
25 1.5074 68.52 -0.09 25 0.7083 54.82 -20.19
35 0.0607 2.66 1.21 25 0.9516 72.97 -19.16
35 0.1717 7.47 1.50 25 1.2594 93.28 -17.20
35 0.2818 12.10 1.90 35 0.0590 4.59 -22.42
35 0.4638 19.75 2.21 35 0.0961 7.43 -21.90
35 0.6852 28.82 2.57 35 0.1724 13.15 -20.80
35 0.9662 40.04 2.94 35 0.2954 22.20 -19.57
35 1.2570 51.48 3.15 35 0.4484 33.28 -18.45
45 0.0513 2.08 3.45 35 0.6091 44,43 -17.25
45 0.0828 3.38 3.31 35 0.7716 56.00 -16.65
45 0.1444 5.90 3.30 35 1.0428 73.26 -15.01
45 0.2358 9.38 3.98 45 0.0440 3.30 -20.55
45 0.3723 14.47 4.60 45 0.0733 5.49 -19.99
45 0.5246 20.39 4.68 45 0.1206 8.91 -18.97
45 0.8216 31.77 4.82 45 0.2042 15.10 -18.55
45 1.0342 39.03 5.24 45 0.3417 24.40 -16.59
45 1.3265 49,22 5.31 45 0.5243 36.59 -15.14
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45 0.7134 48.90 -14.04

45 0.9159 61.60 -13.03
45 1.1963 78.50 -11.97
405
406 a. Values ofUycalculated from equation of Del Grosso and Mader (1972). &, =
407 1426.16 m ¢; 15°C: Up= 1465.92 m$; 25°C: Ug= 1496.67 m$; 35°C: Ug= 1519.79 m
408 s’ 45°C: Up= 1536.39 m's.
409
410
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Table 4. The sound speed (AU = U-U,) and apparent molal compressibilities («) of TRISand TRIS-
HCI in 0.725m NaCl.

TRIS TRIS-HCI
Temp. m AU? 10* %k Temp. m au® 10* %k
(°C) (molkgh) (msY)  (cm®*moltbar™) (°C) (molkgh) (msY)  (cm®*moltbar™)
5 0.0638 3.50 -6.80 5 0.0388 3.28 -24.16
5 0.1057 5.90 -7.35 5 0.0648 5.61 -24.68
5 0.1686 9.43 -7.31 5 0.1048 9.15 -24.42
5 0.2490 13.94 -7.09 5 0.1811 15.88 -23.91
5 0.3727 20.85 -6.73 5 0.3060 26.60 -22.58
5 0.5283 29.30 -6.06 5 0.4259 36.56 -21.27
5 0.7176 39.26 -5.23 5 0.5413 46.00 -20.21
5 1.1232 59.39 -3.65 5 0.7430 61.86 -18.44
15 0.0812 4.07 -2.86 5 1.0469 85.04 -16.49
15 0.1431 7.33 -3.16 15 0.0326 2.68 -21.94
15 0.2502 12.67 -2.52 15 0.0566 4.67 -20.88
15 0.4286 21.39 -1.72 15 0.1002 8.18 -20.88
15 0.6899 33.62 -0.65 15 0.1813 14.64 -18.86
15 0.9596 45.75 0.24 15 0.2910 23.35 -18.86
15 1.2847 59.78 1.06 15 0.4399 34.85 -17.55
25 0.0981 4.25 1.57 15 0.6481 50.18 -15.74
25 0.1702 7.47 1.49 15 0.8789 66.42 -14.05
25 0.2995 13.26 1.62 15 1.2284 89.46 -12.03
25 0.4312 19.01 1.98 25 0.0361 2.67 -17.65
25 0.5681 24.81 2.42 25 0.0596 4.43 -17.44
25 0.7452 32.50 2.69 25 0.1037 7.83 -17.65
25 1.0181 43.22 3.55 25 0.1852 13.96 -16.99
25 1.3754 56.73 4.29 25 0.3166 23.50 -15.63
25 0.4963 36.06 -13.94
25 0.7246 51.32 -12.12
25 0.9553 65.96 -10.58
25 1.1341 77.02 -9.68
411
412 a. Measured values d&J,(NaCl)at each temperature’@: U, = 1478.91 m'S; 15°C: U, =
413 1513.81 m$; 25°C: U, = 1541.02 m'$,
414 b. Measured values &J,(NaCl)at each temperature’G: U, = 1478.87 m's; 15°C: U, =
415 1513.88 m'$; 25°C: U, = 1540.83 m'$,
416
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Table5. Coefficientsfor thefits? of ¥ and *«for TRIS-HCI in water.

'GO)X

'gl)x

ClOX

Coeff.

Constant
(T-Tr)
(T- Tr)?
(T- Tr)®

Constant
(T-Tr)
(T- Tr)?

Constant
(T-Tr)
(T- Tr)?

Constant
(T-Tr)

Std.Err.Fit

Y
(cm* mol ™)
104.0859
0.02203
-1.542E-03
8.28E-05
3.673E-06
1.802E-06
-3.077E-08
1.31826E-04
-6.254E-06
1.3205E-07
-1.0042E-05
-7.74E-07
0.08

25

10% %k
(cm® mol™ bar™)
-27.271
0.49055
-0.016525
2.071E-04
-3.686E-05
-1.98E-06
6.201E-08
-2.36E-04
1.682E-05
-7.745E-07
-7.42E-06
1.261E-06
0.21

. Coefficients fit toequation 18 whereTg= 298.15K is the reference temperature.



Table 6. Coefficientsfor thefits? of &/ and *«for TRIS-HCI in 0.725m NaCl.

Coeff.

Constant
(T-Tr)
(T- Tr)?

Constant
(T-Tr)
(T- Tr)?

Constant
(T-Tr)
(T- Tr)?

Std.Err.Fit

1Y
(cm® mol ™)
103.203
0.02403
-0.002753
5.1124
-0.1116
-0.002817
0.437
0.1405
0.006775
0.03

26

10* %

(cm® mol ™ bar™)

-19.7306
0.534
-0.000195
5.041
-0.5261
-0.03005
4.307
0.3506
0.0244
0.20

a. Coefficients toequation 19, whereTg= 298.15K is the reference temperature.



Table 7. Coefficientsfor thefits? of % and %« for TRISin water and 0.725m NaCl.

Ay
Coeff. (cm® mol™)
x° Constant 90.6331
T-Tr 0.05859
(T- Tr)? -1.38E-04
(T- Tr)® 3.94E-06
m Constant 1.4016
(T- TR) -0.00477
, (T- Tr)? -
m Constant -0.696
(T-Tr) -
(T- Tr)? -
Std.Err . Fit 0.05

Water

10* %
(cm® mol ™ bar™)
-1.916
0.3823
-6.68E-03
4.75E-06
2.616
0.0206
1.233E-03
-0.856
-0.029

0.27

NaCl
4% 10* %k
(cm*mol™)  (cm®*mol™ bar™)
89.1617 1.135
0.01039 0.4106
-1.5976E-03 -2.78E-03
3.9397 1.993
- -0.1348
-1.237E-03 -
-1.437 0.2784
1.127E-03 -2.24E-03
0.03 0.21

a. Coefficients forequation 20, whereTg= 298.15K is the reference temperature
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Table8. Theinfinitedilution partial molal volume (V °, cm® mol™®) and compressibility (« °, cm®
mol™ bar ™) of TRISand TRIS-HCI asafunction of temperaturein water and 0.725m NaCl.

Water

0.725m
NaCl

417

t°C

15
25
35
45

15
25

Volume (V 9
TRIS TRIS-HCI
89.37 102.37
90.03 103.63
90.63 104.09
91.21 104.23
91.78 104.57
88.31 102.25
88.90 103.41
89.16 103.65

28

Compressibility (x °)

TRIS

-12.27
-6.41
-1.92

1.24
3.10

-8.19
-3.25
1.14

TRIS-HCI

-45.35
-34.04
-27.27
-23.81
-22.41

-30.24
-23.79
-18.55



Table9. Thechangein partial molal volume (AV, cm® mol™) and compressibility (Ak, cm?®
mol ™ bar ™) from the deprotonization of TRIS-H* calculated with equations 2 and 3.

t°C AV 10 Ak

5 3.80 16.47

15 3.86 15.67

Water 25 4.38 16.44
35 4.94 18.18

45 5.12 20.26

0.725m 5 4.40 11.66
NaCl 15 4.60 15.56
25 5.15 20.12
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Table 10. Effect of pressure on the dissociation constant (K/K® of TRIS-H" in water and 0.725m
NaCl asa function of temperature.

KP/K®in water?

P (bar) 0 200 400 600 800 1000 1200 1400 1600 1800 2000

45°C  1.000 0.964 0.931 0.903 0.878 0.856 0.838 0.822 0.809 0.799 0.792
35°C 1.000 0.964 0.931 0.902 0.877 0.854 0.835 0.818 0.804 0.793 0.784
25°C  1.000 0.967 0.937 0.910 0.887 0.866 0.849 0.833 0.821 0.810 0.802
15°C  1.000 0.970 0.943 0.919 0.898 0.880 0.864 0.851 0.840 0.832 0.826
5°C 1.000 0.969 0.942 0.918 0.897 0.879 0.864 0.852 0.842 0.835 0.830

KP/K®in 0.725m NacCl®

P (bar) 0 200 400 600 800 1000 1200 1400 1600 1800 2000
25°C  1.000 0.957 0.920 0.887 0.858 0.833 0.811 0.793 0.778 0.766 0.756
15°C  1.000 0.958 0.920 0.886 0.856 0.829 0.805 0.785 0.767 0.751 0.738

5°C 1.000 0.958 0.920 0.885 0.853 0.823 0.796 0.772 0.749 0.729 0.710
418

419 a. Uncertainty inK"/K° estimation due to 2 x uncertaintyv and«: + 0.0008 (or +
420 0.1%).
421 b. Uncertainty inkK"/K° estimation due to 2 x uncertainty and“«: + 0.012 (or + 1.2%).
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431 Figure 1. Apparent Molal Compressibilities (k) of a) TRIS and b) TRIS-HCI in water asa
432 function of concentration and temperature. Symbols: direct measurements. Lines: fitted
433 values(Tables5& 7).
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436 Figure2: a) Apparent molal volumes (/) and b) Apparent molal compressibilities (%) at
437 25°C. Black Circles: measurementsin water. White Circles: measurementsin 0.725m
438 NaCl. Lines: fitted values.
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Figure 3: Percent reduction in dissociation constant for TRIS-H" (K) as a function of

pressure and temperature.
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458 Figure4: Percent reduction in dissociation constant (K) as a function of pressurewith and
459  without compressibility () values. Vertical barsarethe uncertainties due to experimental
460 eror.
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Graphical Abstract

Effect of Pressure on Dissociation Constant (K)
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