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Kinetics of Deuterium Exchange on Resorcinol in RO at High Pressure and High
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The kinetics of deuteration of resorcinol in pure@were studied for the first time using a flow-through
capillary tubular reactor with on-line, proton, and deuterium NMR detection at high temperatures and high
pressure. The global rate constants for hydrogen/deuterium (H/D) exchange were determined from temperatures
of 200—450°C (723 K) at a pressure 0¥400 bar (the critical temperature and pressure of water are 374.2

°C and 218.3 bar, respectively). The H/D exchange rate in resorcinol (1,3-dihydroxybenzene) under these
extreme conditions was determined using proton NMR as a function of the resorcinol residence time in a
capillary tubular reactor, which also served as a high-pressure NMR celtHTaed?H NMR results indicate

that H/D exchange in resorcinol for the ring protons was observed at temperatures as low°&s 766

kinetics of H/D exchange in resorcinol and the activation energy was extracted from the experitdental
NMR data.

Introduction vis, and IR, have also been used to characterize reactions in
subcritical and supercritical watér.Recently, a review of

_ In subcritical and supercritical water the hydrothermal oxida- reactions at supercritical water conditions has been published
tion of many organic compounds is enhanced due to the by Savagé?

increased reactivity of the substrate with water and the enhanced
solubility of nonpolar organic compounds at these high tem-
peratures. The increased reactivity of organic compounds in
subcritical water shows potential for the oxidative destruction
of toxic and organic wastés Because of the enhanced

m!30|b|l|ty of many honpolar organic compounds with super- study of chemical kinetics generally requires that the NMR data
crltlc.al water, th's. solvenF may prove to be a new reaction acquisition time for a spectrum be much shorter than the reaction
medium for organic chemistry: half-life. With flow-through NMR6-18 it is possible to
Hydrogen/deuterium (H/D) exchange of some extremely weak inyestigate chemical reactions provided the equilibrium Boltz-
organic acids in subcritical and supercritical water has been mann distribution of nuclei spin states is not violated by rapid
investigated.’ Yao and Evilid estimated the equilibrium  fiow rates. Applications and technical concerns using flow NMR
constant for H/D exchange of benzene with O be 3 orders  phave been previously discussed2:
of magnltqde higher at 4000 than at 25°C in water. The We describe our experimental effort using a novel combina-
hyglr_ogen in the qrtho position was founq to be slightly MOI€ tion of a high-pressure, high-temperature flow-through capillary
acidic than those in the meta or para positions for the SUbSt'tu.tedtubular reactor with on-line NMR detection for the investigation
benzene compounds of fluorobenzene, 1,2-diphenylhydrazine, ¢ e ction kinetics in subcritical and supercritical water. High-

and nitrobenzene, when reacted under basic conditions@ D temperature, high-presstite NMR allowed the measurement

at 400°C .5 However, Yao and Evilia encountered difficulties of peak are,a and therefore concentration of reactant as a
when attemptin_g to obtain quantitative chem_ical kinetic datg function of rea’ctor residence tin NMR was used to monitor

for the?‘? reactions due to the large expe_nmgntal EITOrS IN tha extent of the deuteration reaction under similar conditions.
determining temperature, pressure, and heating time when using e 555 me that steady-state concentration conditions are rapidly
a batch reactor. Kuhlmann et@leported the first-order global achieved in the heated portion of the capillary due to the very

rate constant (1.4% 10 s™) for H/D exchange of the |, thermal impedance of the capillary reactor walQ um
a-methyl protons in pinacolone at 226 and 25.4 bar using a thick), which should contribute to the rapid heating of the
batch reactor. solution. Of course, this is dependent on the flow rate through

In situ, real time Raman spectroscopy has been used in thethe capillary, but over the flow range studied, we believe this
kinetic inVeStigationS of the oxidation of methﬁ’]methanoﬁ assumption to be valid. Using this high_temperature, h|gh_
and water-gas shift reactiort8 in supercritical water. Fiber-  pressure, microvolume flowing NMR technique, the kinetics
optic'* and other Raman spectroscopic meti8dve been  of H/D exchange of resorcinol in subcritical and supercritical
applied to examine the rates of chemical reactions in super-ater were studied. The global rate constant for H/D exchange
critical water. Other teChniqUes, such as fluorescence,—UV was determined by the disappearance of ahbydrogens in
resorcinol (reactant) under these extreme conditions. The kinetic
* Corresponding author. E-mail: clem.yonker@pnl.gov. data for the resorcinol H/D exchange reaction in pug® &nd

NMR has not been widely used for in situ investigations of
reactions in supercritical water; its main use has been to monitor
batch reaction products after quench¥igThere is one report
of the in situ monitoring by NMR of hydrogen exchange in
supercritical watet® The use of NMR detection for the in situ
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Figure 1. Schematic diagram of the apparatus used for the high-
pressure, high-temperature flow-through capillary tubular reactor with
on-line NMR detection.

.

the difference in the reactivity between theands-hydrogens
in resorcinol are discussed.

Experimental Section

Sample Preparation Resorcinol (Aldrich Chemical Co., Inc.,
99+%) was used without further purification. To deoxygenate
the solution, RO (Cambridge Isotope Laboratories) was boiled
for 5 min under dry nitrogen and a 20% (w/w)2.2 M)
resorcinot-D,0 solution was prepared and purged using dry
nitrogen for 10 min.

Flow-Through NMR. A schematic of the experimental
system is shown in Figure 1. This system includes a high-

pressure syringe pump (ISCO 260D), a tubular piston separator

(HIP), a fused-silica capillary NMR cell (180m i.d. by 360
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Figure 2. Plot of the natural logarithm of the rates for the thermal
decomposition of AIBN from ref 24@) versus reciprocal temperature
compared to the experimental rate constaqiy determined by the
flow-through NMR technique.

Herep is the solution density at room temperature &nid the
volumetric flow rate of the high-pressure pump at room
temperature. A step profile is assumed for the temperature
gradient in the reactor region. Using the inner diameter (t80
6 um) of the capillary and twice the length of the NMR receiving
coil (3.90 cm), the volume of the NMR detection region was
estimated to be-9.8 x 104 mL (0.98uL). The density at high
temperature was approximated using the density of puf@ D
at the experimental temperature and pres&ire.

A standard reaction was chosen for initial investigation with
the capillary flow-through reactor using the well-characterized

um o.d., Polymicro Technologies, Inc), and back-pressure thermal decomposition of Z;2zobis(isobutyronitrile) (AIBN),

regulators (Upchurch Scientific). In practice, the resorcinol

a radical initiator. The thermal decomposition of this molecule

D0 solution was loaded into one side of the piston separator was investigated in the same manner as outlined in the
and the other side was filled with water and connected to the Experimental Section for resorcinol. The temperature range
syringe pump. The fused silica capillary was ben&iU shape investigated was 120150 °C at ~190 bar, in this case using
and placed in a 10 mm glass NMR tube so that the bent endperdeuterated benzene as the solvent. The first-order rate
did not extend below the bottom edge of the NMR sensitive constants were determined at four different temperatures and
region along thez-axis. One end of the capillary tube was from an Arrhenius plot of the data, awfactor of 1.57x 108
connected to the solution outlet of the piston separator, and thes™ (In A = 41.94 3.2) and an activation energidj of 35.3
other end of the capillary was connected to the back-pressuret+ 2.6 kcal/mol were obtained. The values reported in the
regulators. When the high-pressure syringe pump was operatediterature using standard techniques for AIBN &re= 1.58 x

in a constant volumetric flow rate mode, the sample pressure 10'°s! andE, = 30.8 kcal/moR324At 120 °C the rate constant
was controlled by the back-pressure regulators. Five back- for thermal decomposition of AIBN is 0.0193%?* The value
pressure regulators-80 bar each) were used in series so that determined using the flow-through NMR technique is 0.0375
the sample pressure was maintained between 380 and 400 bat- 0.0118 s. Figure 2 is a plot of the natural logarithm of the
depending on the flow rate. experimental rates for AIBN compared with the literature values

The residence timeg) of the resorcinol in the heated region versus reciprocal temperatiie The two sets of data are
of the capillary can be determined as comparable. The derivations of the concentration profile in the
NMR reactor cell will be discussed in the next section.

The accuracy of the solute residence time in the heated region
also depends on the volumetric flow rate of the pump. A system
calibration was performed at room temperature and a pressure
of 400 bar by collecting and weighing the water eluted from
the capillary at specific flow rates over a set time interval. We
found a 1:1 relationship between the pump volumetric flow rate
and the measured volumetric flow rate over the range of interest.

NMR Measurements The NMR data for the AIBN thermal

tr = V**}p'/Mp) 1)
wherep' is the density in the heated regiof2Pis the volume

of the capillary within the NMR detection region, aidk is

the mass flow rate of the solution in the heated reactor. The
difficulty is accurately determining the mass flow rate of the
solution. Since, the mass flow rate is constant throughout all

temperature regions of _the capillary, one can write a s_|m|Iar degradation experiments was obtained on a Varian VXR 300
equation for residence time at room temperature. Equating the X .
. . “NMR spectrometer, while the resorcirdD,O H/D exchange

two mass flow rates, allows one to express the residence time . f d ch ics C 300
of resorcinol in the heated region in terms of the volumetric experiments were performed on a Chemagnetics MX-

wide-bore spectrometer operating at 299.3 and 46.13 MHz for
flow rate at room temperature as ) h ; ;

proton and deuterium detection, respectively. A high-temper-
ature, high-resolution, specially built broad band 10 mm NMR
probe (Doty Scientific, Inc.) was used for the@experiments.

te = (0'10)(V201) (1)
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The resolution was 810 Hz for proton and 48 Hz for

deuterium in the resorcinelD,0 solution in the capillary cell

at room temperature, which generally improved at higher

temperatures due to a decrease in viscosity of the resorcinol

D,O solution. Thez-axis temperature profile for the high-

temperature probe was determined. The temperature at various

positions in the NMR sensing region was measured using a  4%0°C ‘

calibrated thermocouple along tkexis at 325°C. A temper- ‘ '[
ature deviation oft5 °C was noted in this calibration. The 350 °C

relative reproducibility in the temperature setting of the probe b

is estimated to be abodt2 °C for low (<250°C) and+5 °C 300 °C 'l”"
for high (>250 °C) temperatures, respectively. The calculated i

Reynolds number for the conditions investigated in the capillary 250 °C "w
was <200, indicating laminar flow. On the basis of laminar, . .

parabolic flow, the average heat-transfer coefficient can be
determined by assuming a uniform wall temperature at the
capillary surface. The bulk solution temperature can then be —- T T T T : T T am—
determined at some distaneedown the capillary reactor. The

temperature of the bulk solution was determined to be equal to
the wall temperature at the capillary surface at 10% or less of
the total reactor length for all conditions studied. The only

exception was determined to be at the highest flow rate and thegqm residual water and HDO, which results from the exchange

highest temperature where the value was 14%. between the BD solvent and the hydroxyl protons on resorcinol.
In a typical experiment, the resorcineD,O solution is A second source of HDO results from the H/D exchange reaction

flowing through the capillary high-pressure NMR €@f°at ¢ the ring protons on resorcinol. Note that the relative peak

constant temperature and pressure. Concurrent with Solutionyeq of thex-hydrogens decreases and the peak area of hydrogen

flow, a NMR experim(_ant is co-adding i transients_ until @ in HDO increases as the reaction temperature increases due to
satisfactory spectrum with an adequate signal-to-noise ratio iS exchange with BO. Another observation in Figure 3 is that

obtained. Since the heated region of the capillary is an integral the chemical shift of the water peak moves to a higher field
part of the NMR capillary cell, a steady-state concentration of gyenath This chemical shift change is composed of two
the product and reactant is established during the experiment.qqihtions, a change in the solution’s magnetic susceptibility

Generally, 54 and 128 transients were f_;lccumulated for proton, i density and a weakening of the hydrogen bond network
and deuterium measurements, respectively. The sample tems

. in water at higher temperaturé&sThis observation has been
perature was changed with each ﬂ.OW rate ata constant pressurge o, for hoth water and metha#idPat supercritical conditions.
and thelH peak area was determined. The parameterdHor

NMR sition ti £0.25 iral line broad The opposite behavior is noted for both theand S-protons
. forE an ac(;qws;rmn |m|e 0 f 435 s,ds?ecz{_'a I\:rl\‘/IeR roaden- in resorcinol. The variation in chemical shift of the resorcinol
Ing o i Zt" ano? P an? el ? ban d or f1 H, an d ring protons is related to a change in solution density (change
z;)q;'nsél'gr;f'?g réspsécst‘i)\?;;a Ine broadening o z,anda;, magnetic susceptibility) with temperature.

In flow NMR, the observed spinlattice relaxation rate can The reaction of substituted benzene in basic solution0f D

be considered a summation of the static relaxation rafg)(1/ has bee_n discussed b_y Yao and E\ﬁl_iﬁhe H./D exchange
and a contribution from the sample flo\2027 mechanism for resorcinol in pure,D is facilitated by the

presence of electron-withdrawing groups on the aromatic ring.
(LT} ope= (LT, + 11 @) This activated aromatic ring is deuterated through an electro-
obs R philic substitution mechanism, which increases the ease of
) ) ) ) deuteration under these experimental conditions and eliminates
wheretr is the residence time. The protdh for water in our  the need of either an acid or base to catalyze the reatfion.
resorcinot-D,O solution ranges from 4.1 to 8.3 s over25  Resorcinol is an ortho/para director in electrophilic substitution

350 °C. The protonT; for resorcinol is shorter than water in  reactions2 Therefore, H/D substitution would be facilitated for
the resorcinotD20O solution. According to eq 2, the observed ¢ o- and o'-hydrogens and not for the meta hydroggh (

Ty over_the experimental volumetric flow range is small_e_r than hydrogen). The experimental results presented in Figure 3
the static values reported above.’M NMR pulse repetition  gemonstrate the positional selectivity of the H/D electrophilic
time of 3Ty(static) was used throughout the measurements in g pstitution reaction under these extreme conditions. The
o_rder to facilitate quantitative analysis and compare rgs_u_lts for f-hydrogen can serve as an internal molecular standard relating
different flow rates and temperatures. The reproducibility of e sapility of resorcinol to hydrothermal oxidation or hydrolysis
the proton peak area integral for resorcinohig0%. reactions under these conditions. Benzene, toluene, and fluoro-
benzene(400°C, 300 bar), and-, m-, andp-cresof (460°C,
254 bar), were found to be relatively stable to hydrolysis in
Resorcinol Proton NMR. The proton spectra as a function  supercritical water under the conditions listed for residence times
of temperature are shown in Figure 3, at a constant volumetric of 30 s to 10 min. In fact, hydrolysis of resorcinol at 480
flow rate of 0.010 mL/min. The chemical shifts were referenced and 254 bar was reported to produce a maximum of 10%
externally with respect to tetramethylsilane (TMS). Of the two conversion, for residence times of-T s at 0.01 M solution
peaks between 6 and 8 ppm, the lower field peak is the concentratior$® Our'H NMR results demonstrated the relative
pB-hydrogen and the higher field peaks are tite and o'- stability of the f-proton to any side reactions during our
hydrogens, respectively. The peakat ppm represents protons  experimental investigations.

200 °C

AP AP

Figure 3. Temperature-stackedH NMR spectra at a constant
volumetric flow rate of 0.010 mL/min. The disappearance of ¢he
and thea'-proton in resorcinol can be seen.

Results and Discussion
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Kinetics of the H/D Exchange ReactionThe peak areas of
thea- anda’-protons were determined as a function of residence

time at constant temperature for a series of different tempera-

tures. Harri¢* has discussed the influence of isotope effects and
concluded that H/D exchange will always be approximately first
order. This is also supported from the results of Kuhlmann et
al® From the NMR investigation of the qualitative behavior of
both theo- andS-protons in resorcinol, it appears that a possible
reaction scheme is

R—H % R-D
e ke
X X

®)

where R-H is resorcinol, R-D is deuterated resorcindi; is

the rate of H/D substitution determined fromproton disap-
pearancekr is the hydrolysis rate, and X represents a potential
hydrolysis product. The hydrolysis rate can be determined from
the rate of disappearance of {higroton and is assumed constant
and independent of the reactant(R or R—D). The rate
expressions for H/D exchange are

dC,/dt = —k.C,, — kC,,
dCy/dt = k.C,, — k;Cp

(4)
)

where Cy is the concentration of the resorcindlp is the
concentration of the deuterated resorcinol, amltime.
For the sake of simplicity, we assume an ideal plug-flow

tubular reactor under the experimental conditions investigated.

Therefore, the local rate equation in the capillary tubular reactor
under flowing conditions is
dC./dt = —k,C, — k;Cy — udC_/dl =0 (5)

whereu is the solution linear velocity anldis the length along

the tubular reactor. The steady-state solution for this equation

IS

CH — CHre*(kh‘FkT)VU (6)
where the concentration at the reactor inlet5 0) is Cy' (Cy'
is the initial concentration of resorcinol).

NMR measures the number of protons in the capillary cell,

Bai et al.

TABLE 1: Global First-Order Rate Constants of H/D
Exchange in Resorcinol Determined Using High-Pressure/
High-Temperature *H NMR

T(°C) ke (1)
200 0.0184-0.006)
250 0.114-0.04)
300 0.40£-0.15)
350 0.924-0.34)
400 2.6(-0.8)

450 2.8(:1.1)

aGlobal first-order rate constants determined from theroton
disappearance in resorcinol using eq 8. The nonlinear least squares fit
for ky, was constrained by 0.8 kr < 0.046. The values in parentheses
represent the error in the determined rate constants.

0.5

Peak Area (Normalized)

Residence Time (seconds)

Figure 4. Plot of the normalized peak area of the proton concentration
measured byH NMR versus residence time for the different temper-
atures of @) 200 °C, (@) 250 °C, (O) 300 °C, (a) 350°C, and Q)

450 °C. The solid lines are the nonlinear least squares fit to the data
using eq 8. The rate constants determined from the fit to the data are
listed in Table 1.

One can determine the first-order global rate constant for H/D
substitution by solving fok, at the different temperatures using
the experimentaCy values and the various volumetric solution
flow rates. The importance of hydrolysis was determined using
eq 8 withk;, set to zero using the peak area of theroton for
all the temperatures investigated. The average valuek{for
determined in this manner wag0.046+ 0.011 s, because it

which is assumed to be equal to the length of the heated regionwas so small its variation with temperature was outside our

of the capillary. Thus,

)

where L is the length of the tubular reactor. The average
concentration of the protonated resorcin@l, can be deter-
mined by substituting the concentration profile 05 (eq 6)
into eq 7 and then integrating over the NMR detection length.

Cy=UL[Cyd

limits of determination. Therefore, the hydrolysis rate is not
anticipated to be significant over this temperature range as
compared to the H/D exchange rate. The first-order global rate
constants for H/D substitution determined &yproton disap-
pearance are listed in Table 1. These values were determined
by allowing kr to vary between 0.0 and 0.046%sduring the
nonlinear least-squares fit to eq 8 of the experimental data. A
plot of Cy versus residence time for several temperatures ranging

The average concentration of the protonated resorcinol measuredetween 200 and 45T is shown in Figure 4. The solid lines

by IH NMR, Cy, expressed in terms of the reaction rate constant
and residence timeg, is

Cy = [Cy/(k, + kp)trl(1 — _(khﬂ(T)tR) (8)
Cy' is approximated by the peak area of theprotons of

resorcinol at 25°C. As tg — o, Cy — 0 and one would
anticipate that the H/D substitution reaction goes to completion

are the fit to the experimentdH NMR data using eq 8 and the
parameters listed in Table 1. From the temperature dependence
of the first-order global rate constants, the activation energy
may be estimated from an Arrhenius plot, which is shown in
Figure 5. The activation energy for H/D substitution obtained
from the!H NMR data of resorcinol foo-proton disappearance

is 14.1+ 1.8 kcal/mol.

Deuterium NMR. As the reaction temperature increases to

and the average protonated resorcinol concentration in the200°C, the deuterium NMR spectrum showed a new peak with

reactor is negligible. A& — 0, Cy — Cy/', the H/D substitution
reaction does not occur and the resorcinol concentration will
equal the starting resorcinol concentrati@y, .

a chemical shift of 7.2 ppm. The chemical shift difference
between this peak and that op© at 200°C is 3.0 ppm, which
is the same as the chemical shift difference between the
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5 through NMR technique is 0.0375 0.0118 s?. The reaction
4 half-lives determined using the flow-through NMR method for
s AIBN over the temperature range 12050 °C are shown in

E, = 14.1 keal/mol Figure 2. Over this temperature range the thermal decomposition

of AIBN in the capillary reactor appears well behaved and
follows the reported literature data.

For resorcinol the H/D exchange reaction occurred at lower
temperatures than previously reported for substituted benzene
compounds (fluorobenzene, 1,2-diphenylhydrazine, nitroben-
zene); but over similar temperatures as reported for 4-ethylphe-
nol by Hoffmann and ConradP. On the basis ofH NMR, it
was apparent that H/D exchange had occurred at°Z0or
5 . ' . ' long residence times. Kuhlmann et®ateported a rate of
0.0012 0.0014 0.0016 0.0018 0.0020 0.0022 deuteration of the--methyl protons in pinacolone in pure,O

. - ° . i Smin~! (1.47 x
Reciprocal 1 at 225°C and 254 bgr (370 psi) as 8:810 3 min~t (

cciprocal Temperature (K 104 s71) with an activation energy of20.0 kcal/mol over a
Figure 5. Arrhenius plot of Ink versus reciprocal temperature for temperature range of 26@50 °C. This rate is more than 2
proton disappearance in resorcinol. orders of magnitude smaller than our reaction rate at 50
for the a-protons on resorcinol. The larger activation energy of
I/D exchange in pinacolone as compared to our meadtyed
or resorcinol does support a slower rate constant for pinacolone.

An advantage in using NMR is the detection of specific nuclei
at 200°C for long reactor residence times. Deuterium NMR of interest a}nd the gllmlna}tlon of spectral mterferenpe QUe to
proved useful in following the reaction and confirming that H/D l(_j|ffer§nceshlnt)(:hgm|?al Sh'_fFS_' O.f course fﬁr NMRl' .th'fs will bc_e |
substitution had occurred at the different temperatures in the IMited on the basis of sensitivity issues. Other nuclei of potentia

) interest, such a¥F, 3P, or 13C, could be investigated under
flow-through reactor. "
extreme conditions of pressure and temperature. The molecular
structure informationd- and-protons) obtained during these
) ) ) ] studies proved important in determining the contribution of the

An advantage of the flowing capillary NMR technique is the  pyqrolysis reaction during H/D substitution. Global rate con-
combination of the capillary tubular reactor with the high- stants for higher order reactions could ultimately be determined
pressure, high-temperature NMR cell. The microvolume and in 5 similar manner using this technique.

Iow_thermal impedance _o_f the_ cap_lllary tubing contribute tothe  There have been numerous investigations of hydrogen bond
rapid temperature equilibration in the flow-through reactor q,cyre and molecular dynamics of subcritical and supercritical
region in the NMR probe. There are criteria to consider in using \yater by high-temperature, high-pressure NfRhis inves-

a flow-through NMR probe to study reaction kinetics. One jgation demonstrates the use of a microvolume, flow-through
important criteria includes the reaction half-life, which must { huiar reactor with on-line NMR detection to study reaction
fall within the ability to control solute residence time through inetics under the extreme conditions of subcritical and super-
volumetric flow rates. Realistically, this limits the reaction half- . itical water. Considering the assumptions made in this study
lives in the flowing system to betweenr0.1 and 60 s. Faster  he prohable error in the rate constants is in the range ef 20
reactions require higher volumetric flow rates (shorter residence gqoy These are acceptable in light of the extreme conditions
time) and would be impossible to quantitatively measure if the ,qer which they were determined and in light of being obtained

Ty value (relaxation time) of the molecule is too large, due to i, req) time using on-line NMR detection. Further efforts are
the Boltzmann distribution of the nuclei not being established ;, progress to reduce the error in these measurements and in

in the magnet prior to chemical reaction in the flow-through studying other systems in supercritical water.
reactor region. Slower reactions are difficult to quantitate due

to the lower limit set by the pump volumetric flow rate control. Acknowledgment. Work at the Pacific Northwest National
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