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Abstract

Oxygen nonstoichiometry (d) of ‘‘undoped’’ polycrystalline TiO2�d has been measured as a function of oxygen partial pressure in

the widest ever examined range of 10�18pPO2
=atmp10�1 at elevated temperatures (1073pT/Kp1473) by thermogravimetry and

coulometric titrometry combined and compared with all the reported values. Isothermal variation of nonstoichiometry against PO2

is explained with a defect model involving quadruply ionized titanium interstitials, electrons, holes, and unidentified acceptors which

may be background impurity acceptors or cation vacancies. The equilibrium constants for intrinsic electronic excitation reaction and

redox reaction are determined from the nonstoichiometry measured and compared exhaustively with all the reported values. The

relative partial molar enthalpy and entropy of oxygen are evaluated as functions of nonstoichiometry and the inner workings of their

variations discussed.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

TiO2�d is an important technical material with
applications such as photo-catalysts for water splitting
[1,2], photo-electrodes for water photoelectrolysis [3]
and gas sensors [4], to name only a few. Nonstoichio-
metry as a measure of the overall defect concentration
or electronic carrier concentration is a crucial thermo-
dynamic property to characterize for a better or optimal
control of the functions of the oxide. Numerous studies
have, thus, been carried out on the nonstoichiometry of
rutile by using various techniques such as thermogravi-
metry [5–12], coulometric titration [13], electrical con-
ductivity measurements [14–17], etc.

But, all the nonstoichiometry data are limited to
d410�4 or lower oxygen partial pressures (e.g.,
e front matter r 2004 Elsevier Inc. All rights reserved.
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PO2
o10�8 atm at 1000 1C). It is likely attributed to the

then-available resolution of the experimental techniques
employed. In order to get better and more insights into
the defect chemistry of TiO2�d, however, one may wish
to extend the measurement into the range of do10�4 or
the higher oxygen partial pressure range (e.g.,
PO2

410�8 atm at 1000 1C). Furthermore, by doing that
one may come closer to the inflection point on a
nonstoichiometry isotherm which corresponds to the
stoichiometric composition d ¼ 0 and hence, allows one
to determine more precisely the absolute values of
nonstoichiometry [18].

In this paper, we measure the nonstoichiometry d of
nominally ‘‘undoped’’ TiO2�d as a function of oxygen
partial pressure in the widest ever examined range,
10�18pPO2

=atmp10�1 at elevated temperatures
(1073pT/Kp1473) via thermogravimetry and coulo-
metric titrometry combined. The relevant defect equili-
brium constants are subsequently estimated therefrom
and exhaustively compared with all the reported ones.
Finally, the partial molar quantities of oxygen are

www.elsevier.com/locate/jssc


ARTICLE IN PRESS
D.-K. Lee et al. / Journal of Solid State Chemistry 178 (2005) 185–193186
evaluated as a function of nonstoichiometry and the
inner workings of redox reaction are discussed.
2. Experimental procedures

2.1. Specimens

Undoped polycrystalline samples of TiO2 were pre-
pared from commercially available rutile powder of
99.99% purity (Lot. 08604BF, Aldrich Co.) via a
conventional ceramic processing route. The powder
was pressed uniaxially under a pressure of ca. 5MPa
into rectangular as well as cylindrical pallets, followed
by cold-isostatic pressing under 150MPa. Sintering was
subsequently carried out at 1450 1C in air atmosphere
for 6 h. The as-sintered specimen was of more than 99%
of the theoretical density with an average grain size of
1172 mm which is estimated by a line intercept method.
For thermogravimetric analysis, the rectangular speci-
men was cut into parallelepipeds measuring ca.
3mm� 3mm� 29mm.
2.2. Thermogravimetry

The TGA system used is based on a Cahn D-200
microbalance (Cahn Co., USA) with a sensitivity of
1 mg, which is schematically shown in Fig 1. It is noted
that the two frameworks, one for the microbalance and
the other for an electric furnace, are constructed
separately in order to minimize vibration transfer. The
entire system is placed on a vibration-proof pad in a
room where temperature and humidity are kept constant
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Fig. 1. Schematic of thermogravimetric analysis apparatus.
at 2271 1C and 5072%, respectively, for the purpose of
reducing the disturbances from environment.

A parallelepiped specimen (ca. 0.63 g) was hanged
down from the microbalance to the reaction chamber
with the aid of a Pt wire (0.2mm thickness). The
temperature of the reaction chamber was controlled
within 71 1C. Oxygen partial pressure around the
specimen was controlled with N2/O2 and/or 90%
N2+10% CO/CO2 gas mixtures and monitored by an
in situ oxygen sensor based on yttria stabilized zirconia.
The gas flow rate was fixed at 200 cm3/min with the aid
of a mass flow controller (MKS Inst. 5510, Germany)
under a total pressure of 1 atm. Possible buoyancy and/
or convection effect due to upward flow of gases fed
from the bottom of the furnace were suppressed by
inserting gas reflectors above the specimen inside the
reaction chamber. The precision of the microbalance
could thereby be maintained within 71–2 mg in the
conditions of present interest: 1073pT/Kp1473 and
10�18pPO2

=atmp10�1:
Fig. 2 shows a typical procedure of measuring a

relative weight change: Once the weight of the sample
achieved a saturated value in a new oxygen partial
pressure atmosphere, the gas flow was stopped for the
purpose of eliminating the buoyancy force upon the
specimen and then, its weight change, Dm from the
initial weight m* at the prefixed reference state was
registered (i.e., Dm ¼ md � mb). The reference state was
fixed at PO2

¼ 0:10 atm at all temperatures examined.
The change of oxygen nonstoichiometry, Dd rela-

tive to its reference value, d� at the starting point
of thermogravimetry (corresponding to m� at
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PO2
¼ 0:10 atm) was calculated as

Dd ¼ d� d� ¼ �
MTiO2

m�

Dm

MO
; ð1Þ

where MTiO2
and MO denote the molar weight of TiO2

and of atomic oxygen, respectively.

2.3. Coulometric titrometry

Coulometric titration was carried out in an electro-
chemical cell with the configuration,

Pt; PO2
; TiO2�djZrO2ðþ8m=oY2O3ÞjP

ref
O2
; Pt ð2Þ

which is schematically shown in Fig. 3. For experimental
details, the reader is referred to Ref. [19]. Briefly, a
constant current, I in the range of 50–500 mA was passed
through the YSZ electrolyte for a pre-fixed period of
time t. The artifacts due to gas leakage, dead volume,
possible reactions between the specimen and cell
components, and nonstoichiometry change of the YSZ
electrolyte itself, etc. were effectively eliminated or
minimized [19]. A change in nonstoichiometry was
determined as

Dd 	 d� dn ¼
ItMTiO2

2Fm�
; ð3Þ

where F is the Faraday constant and d� denotes the
oxygen deficit at the starting state of titration.

The equilibrium oxygen partial pressure around the
specimen was determined from the open-circuit voltage,
E, across the YSZ electrolyte (#1 in Fig. 3) or

E ¼
RT

4F
ln

PO2

Pref
O2

 !
; ð4Þ

where Pref
O2

is the oxygen partial pressure of the reference
gas flowing outside the titration cell. In the present
Fig. 3. Construction of coulometric titration cell. (1)YSZ electrolyte;

(2) reversible electrode; (3) impermeable alumina cup; (4) gold-ring

gasket; (5) borosilicate glass; (6) specimen tablets; (7) alumina crucible;

and (8) alumina disk.
work, CO2/CO gas mixtures (with a mixing ratio of 30/1
to 1/15) were employed as the reference gas. If there
were an appreciable mechanical or electrochemical
leakage of oxygen gas through the cell under an oxygen
potential difference, nonstoichiometry measurement
would be subjected to an appreciable experimental
error. Fig. 4 shows a temporal change of the open-
circuit voltage E or due to Eq. (4), the oxygen partial
pressure inside the cell while the oxygen partial pressure
outside the cell being fixed at log ðPref

O2
=atmÞ ¼ �17:1

and –18.8 at 900 and 800 1C, respectively. For about
10 h, little change is observed in oxygen partial pressure
inside the cell from their initial values, log ðPin

O2
=atmÞ ¼

�9:99 and –1.02 at 900 and 800 1C, respectively,
indicating that the electrochemical cell employed in the
present work is essentially free from the artifact due to
oxygen leakage across the cell.

The nonstoichiometry change relative to the reference
value d� or, Ddð¼ d� d�Þ has been determined thereby
as a function of oxygen partial pressure in the range of
10�18pPO2

=atmp10�1 at different temperatures in the
range of 1073oT/Ko1273. The reference states corre-
sponding to d� were deliberately controlled to be close to
that of thermogravimetry, i.e., log ðPO2

=atmÞ ¼ �1:19;
�1.27 and �1.00 at 800, 900 and 1000 1C, respectively.
3. Results and discussions

In Fig. 5, the Ddð¼ d� d�Þ of TiO2�d as measured
against oxygen partial pressure is shown at different
temperatures by thermogravimetry (a) and coulometric
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pressure for undoped TiO2�d measured via: (a) thermogravimetry; and

(b) coulometric titrometry.
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titrometry (b), respectively. Upon comparison of the
two, one can recognize that they generally appear to be
in good agreement, but the Dd isotherms by coulometric
titrometry, in particular, each exhibit apparently an
arrest at Dd 
 1� 10�4: It is noted that this nonstoi-
chiometry change is beyond the detection limit of the
thermobalance employed, and that the arresting beha-
vior is highly systematic and reproducible. One may be
tempted to ascribe the arrest to the appearance of the
Magneli phases [20,21], but this possibility is ruled out
because the latter appear only for d40:006 at, e.g.,
1000 1C [20–25]. Similar arrests have ever been observed
from Mn-doped BaTiO3 due to the changes of valence
of the multi-valent acceptors Mn with oxygen activity,
[26] but its origin in the present case is not immediately
clear.

Up to date, authors have generally agreed upon that
TiO2�d is metal-excess (or oxygen-deficient), but, it
remains unelucidated whether the metal-excess is
attributed to Ti interstitials Tii

dddd [11–12,16,27–31] or
oxygen vacancies VO

dd [5–6,17,32] or both. In the strictest
sense, thus, one should take into account these two
defect concentrations altogether in the analysis of the
nonstoichiometry data. However, on the basis of our
own experimental observation that the 4-probe d.c.
electrical conductivity of the same specimen varies as
s / P�m

O2
with m 
 1=5 (rather than 1/6) over most of

the oxygen partial pressure range examined (see the inset
in Fig. 7), we infer that Tiddddi ; rather than Vdd

O ; is in
the majority. It is further noted that the trend of each
isotherm in Fig. 5 suggests that an inflection point
would come up soon, if not already passed, as PO2

increased further over 1 atm. The inflection point on a
Dd isotherm corresponds to the stoichiometric composi-
tion (d 
 0) where concentrations of electrons and holes
are equal to each other (n ¼ p) [18].

The defect structure of TiO2�d may then be described
in terms of the following defect chemical scheme:

Ti�Ti þ 2O�
O ¼ Tiddddi þ 4e0 þO2ðgÞ;

KTi ¼ ½Tiddddi �n4PO2
; ð5Þ

0 ¼ e0 þ h�; Ki ¼ np; ð6Þ

n þ A0
C

� �
¼ p þ 4½Tiddddi �; ð7Þ

where e0 stands for free electrons, hd free holes, A0
C

unidentified effective acceptors that may be cation
vacancies or background acceptor impurities, [k] the
concentration of the structure element k (n=[e0];
p=[hd]), and Kj the equilibrium constant of the
associated reaction j(=Ti, i) with the standard heat of
reaction DHj.

Subsequently, the nonstoichiometry or metal-excess d
of TiO2�d can be written as

NAd
Vm

¼ 2½Tiddddi � �
1

2
½A0� ¼

1

2
ðn � pÞ; ð8Þ

whereNA and Vm (=18.8 cm3mol�1) denote Avogadro’s
number and molar volume of the oxide, respectively.
One associates Eqs. (5)–(7) and (8) to obtain an implicit
equation for dð¼ Ddþ d�Þ as

log PO2
¼ log KTi � log

b
2
ðDdþ d�Þ þ

½A0�

4

� �

� 4 log bðDdþ d�Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bðDdþ d�Þð Þ

2
þ Ki

q� �
; ð9Þ

where b 	 NA=Vm:
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The raw data, Dd against logPO2
are nonlinear-least-

squares fitted to Eq. (9) and thereby, the absolute values
for nonstoichiometry evaluated. The results are depicted
by solid curves in Fig. 6. As is seen, Eq. (9) describes all
the nonstoichiometry isotherms in Fig. 5 quite satisfac-
torily with the best estimated values for the fitting
parameters Ki, KTi and ½A0

C� as listed in Table 1. It is
confirmed that the results by the two different methods
are in reasonable agreement despite the unexplained
arrests on the isotherms by coulometric titrometry.

The oxygen partial pressure Po
O2

corresponding to
d ¼ 0 is evaluated from Eq. (9) at each temperature and
listed in Table 1. The present Po

O2
values may have to be

taken with caution because they have been evaluated
with the data in not wide enough a hyperstoichiometric
region (do0) and hence, they are likely subjected to
somewhat larger uncertainty than the fitting errors
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Fig. 6. Oxygen nonstoichiometry, d vs. logðPO2
=atmÞ for undoped

polycrystalline TiO2�d at different temperatures measured via thermo-

gravimetry and coulometric titration, respectively. The solid lines are

the best fits to Eq. (9) in the text.

Table 1

The best-fitted values for KTi/atm cm�15, Ki/cm
�6, and [A0]/cm�3 by therm

partial pressure P0
O2

corresponding to the stoichiometric composition (d ¼ 0

Temp. (1C) logKTi/atm cm�15 logKi/cm
�6

TGA Titrometry TGA Titromet

800 — 77.071.1 34.570.4

900 81.6470.05 81.4770.09 34.8670.15 35.9870

1000 84.5770.02 84.2270.07 36.2070.11 35.9970

1100 87.5570.07 — 37.371.2 —

1200 89.9270.05 — 37.770.2 —

—: not available.
themselves shown in the table. Nevertheless, it seems to
be certain that the stoichiometric compositions fall well
below 1 atm of oxygen partial pressure at the tempera-
tures examined.

All the literature data on the nonstoichiometry of
undoped TiO2�d [5–8,11–13] are compiled and com-
pared with the present one in Fig. 7, where log jdj is
plotted vs. logPO2

in order to represent the hyperstoi-
chiometric values (do0) in the range of PO2

4Po
O2

of the
present study in particular. It is pointed out that all the
ogravimetry and coulometric titrometry, respectively, and the oxygen

) of TiO2-d

log [A0]/cm�3 log Po
O2
=atm

ry TGA Titrometry TGA Titrometry

— 18.470.6 — �(9.871.4)

.07 18.4170.06 18.7670.07 �(5.970.3) �(8.770.2)

.05 18.4870.07 18.6970.07 �(5.770.2) �(5.970.1)

18.6870.2 — �(5.172.4) —

18.8870.14 — �(3.770.4) —
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literature values for d have been evaluated relative to air
atmosphere, nevertheless, they are all in reasonable
agreement with the present values, supporting the truth
of the present Po

O2
values.

The present values for the redox reaction equilibrium
constant, KTi of Eq. (5) are plotted against reciprocal
temperature in Fig. 8 and compared with all the
literature data [10–11,27,35]. It is seen that the present
data by the two different methods are in reasonable
agreement with the rest. The KTi values as determined
from the present TGA data may best be represented as

KTi=atm cm�15 ¼ 3:3þ26:4
�0:4
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Table 2

Compilation of all the reported values for the pre-exponential factor and re

Authors KTi,o/atm cm�15

This work 3:3þ26:4
�0:4

	 

� 10122

Kofstad 9.3� 10124

Marucco et al. 1.1� 10124

Baumard and Tani 2:1þ330
�0:01

	 

� 10120

Picard and Gerdanian —

Alcock et al. —

Blumenthal et al. —

Baumard and Tani —

—: not available.
For comparison as well as archival purpose, the
reported values for the pre-exponential factor, KTi,0 and
reaction enthalpy, DHTi of KTi [=KTi,0 exp(�DHTi/kT)]
are all compiled in Table 2. The average DHTi value is
10.2 eV with a standard deviation of 70.7 eV.

The values for the intrinsic electron excitation
reaction (Eq. 6), Ki as determined by the two different
methods are compared in Fig. 9, where all the reported
ones [33–34,36] are also shown. It is seen that the present
two sets of data are not in good agreement with each
other. Considering that Ki is determined predominantly
by the nonstoichiometry in the stoichiometric region
around d ¼ 0 (see Eq. 9), their poor agreement is likely
attributed, like the uncertainty with the Po

O2
values in

Table 1, to a dearth of nonstoichiometry data in the
sufficiently wide hyper-stoichiometric region (do0) in
action enthalpy of KTi of TiO2 such that KTi=KTi,o exp(�DHTi/kT)

DHTi/eV Measurement Ref.

9.670.2 Thermogravimetry —

10.64 Thermogravimetry [10]

10.14 Thermogravimetry [11]

9.070.6 Conductivity [27]

10.1 Thermogravimetry [9]

10 Titrometry [13]

10.67 Conductivity [15]

11.2 Thermopower [33]
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Fig. 9. The equilibrium constant for electron excitation reaction (Eq.

6), Ki vs. reciprocal temperature for undoped TiO2�d including all the

literature data.
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Fig. 6. For a precise determination of Ki by non-
stoichiometry measurement, thus, one may have to
enlarge the hyperstoichiometric region within the
experimentally viable PO2

range by, e.g., sufficiently
doping acceptors. As a matter of fact, all the reported Ki

values including the present ones show much larger
scatter compared to KTi in Fig. 8. Notwithstanding the
poor agreement among the magnitudes of Ki values, all
the literature values for the band gap energies are
averaged to be DHi=3.0470.05 eV [36]. The present
data set by thermogravimetry gives a value
DHi=3.370.3 eV which is favorably compared with
the average, but that by titrometry yields a much less
precise value, 2.171.1 eV, which is appreciably far off
the average value. This seems to be ascribed to the
nonstoichiometry arrests observed, see Fig. 5.

We will finally consider the partial molar quantities of
component oxygen from the d� PO2

� T relation in
Fig. 6. From the gas/solid equilibrium criterion, the
relative partial molar Gibbs free energy of oxygen is
written as

D �GO ¼ mO ðsÞ � 1
2
moO2

ðgÞ ¼ 1
2
RT ln PO2

; ð11Þ

where mOðsÞ and moO2
denote the chemical potential of

component oxygen (O) in the solid oxide under the
condition of interest and that of gas oxygen (O2) at the
standard state ðPO2

¼ 1 atmÞ; respectively. The relative
partial molar enthalpy, DHO and entropy, DSO of
component oxygen are, thus, related to the equilibrium
PO2

as

ln PO2
¼

2DHO

RT
�

2DSO

R
: ð12Þ

In Fig. 10 log ðPO2
=atmÞ vs. reciprocal temperature is

plotted at fixed compositions (d). When two different
PO2

values (from the two different techniques) corre-
sponded to a common nonstoichiometry value, their
geometric mean was taken. As is seen, it is generally
linear for a fixed d over the temperature range examined.
The relative partial molar enthalpy and entropy of
oxygen may then be evaluated from the slope and
intercept, respectively. The results are summarized in
Figs. 11 and 12.

As is the case with BaTiO3�d [19], as d increases or
TiO2�d becomes exclusively n-type (db0 or nbp), D �HO

appears to saturate (to ca. –460 kJmol�1, see Fig. 11)
and as d gets close to 0, D �HO varies rapidly. A similar
trend is also observed with D �SO: These variations may
be attributed to the difference in detailed oxygen
incorporation reactions between the two branches of
TiO2�d, even though a distinct p-type branch is not
identified in the d isotherms obtained in this study:

Tiddddi þO2 ðgÞ þ 4e0 ¼ Ti�Ti þ 2O�
O; ð13aÞ

Tiddddi þO2 ðgÞ ¼ Ti�Ti þ 2O�
O þ 4hd ð13bÞ
in the hypostoichiometric n-type (db0) and hyperstoi-
chiometric p-type (d50) branch, respectively. We have
already presumed an ideal dilute solution behavior of
defects in the present system. The partial molar enthalpy
of component oxygen will, thus, have to be independent
of d in hypothetical p-type regime like n-type as expected
from Fig. 11. According to Eqs. 13(a and b), the
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difference in oxygen enthalpy between the n and p

branches should be D �HO ðpÞ � D �HO ðnÞ ¼ 2D �Hi i.e.,
6.6 eV or 636 kJmol�1 by taking the TGA result. In
the n-to-p transition regime, D �HO may then be given as
the fractional sum of D �HOðpÞ and D �HOðnÞ or due to Eqs.
(6) and (8),

D �HO ¼
n

n þ p
D �HO ðnÞ þ

p

n þ p
D �HO ðpÞ

¼
1

2
½D �HO ðpÞ þ D �HO ðnÞ�

�
bd

½ðbdÞ2 þ Ki�
1=2

DHi ð14Þ

with b 	 NA=Vmð¼ 3:20� 1022 cm�3Þ: The D �HO varia-
tion against d is then fitted to Eq. (14) assuming Ki being
constant over the temperature range of interest. The
result is quite satisfactory as depicted by the solid curve
in Fig. 11 yielding the best-fitted values, D �HO ðpÞ ¼

176� 30 kJmol�1; D �HO ðnÞ ¼ �460� 30 kJmol�1 and
Ki=(4.670.5)� 1036 cm�6, respectively.

By the same argument, one can calculate D �SO as

D �SO ¼
n

n þ p
D �SOðnÞ þ

p

n þ p
D �SOðpÞ

¼
1

2
So
TiO2

�
1

2
So

Tidddd
i

þ So
p � So

n �
1

2
So
O2

� �

þ
1

2
R ln

1

2
dþ

1

4

½A0
C�

b

� �

� ðSo
p þ So

n �R ln KiÞ
bd

½ðbdÞ2 þ Ki�
1=2
þR ln
bdþ ½ðbdÞ2 þ Ki�

1=2

�bdþ ½ðbdÞ2 þ Ki�
1=2

 !
ð15Þ

by using the relation

�Sk ¼ So
k �R ln ½k� ðk ¼ Tiddddi ; p; nÞ; ð16Þ

where So
k denotes the standard entropy of species k.

Eq. (15) is fitted to the experimental data by using the
value Ki=4.6� 1036 cm�6 evaluated in Eq. (14) and
ðlog ½A0

C�=cm
�3Þ ¼ 18:6 at 1000 1C in Table 1. The result

is as depicted by the solid curve in Fig. 12 with the best
estimated values

1
2
So
TiO2

� 1
2
So

Tidddd
i

þ So
p � So

n �
1
2
So
O2

¼ �ð2� 17ÞJK�1 mol�1;

So
p þ So

n ¼ 955� 17 JK�1 mol�1:

Again, Eq. (15) well explains the variation of the
partial molar entropy of component oxygen against
nonstoichiometry.
4. Summary and conclusion

All the literature data up to date on the nonstoichio-
metry (d) of TiO2�d have been limited to d40:001 or
lower oxygen partial pressures (e.g., PO2

o10�8 atm at
1000 1C). In the present study, we have extended, with a
higher precision by thermogravimetry and coulometric
titrometry combined, the measurement up to PO2

¼

1 atm at temperatures in the range of 800–1200 1C. It is
found that the stoichiometric composition (d ¼ 0) falls
below PO2

¼ 1 atm at the temperatures examined. The
nonstoichiometry can be explained in the defect
chemical scheme involving quadruply charged Ti inter-
stitials, electrons, holes and effective acceptors which
may be background acceptor impurities or cation
vacancies. The equilibrium constant of reduction reac-
tion Ti�Ti þ 2O�

O ¼ Tiddddi þ 4e0 þO2 ðgÞ is evaluated
as KTi ¼ 3:3� 10122 exp �9:6 eV=kT

	 

atm cm�15, which

is in good agreement with the literature data. On the
other hand, the equilibrium constant Ki for the intrinsic
electronic excitation reaction, 0 ¼ e0 þ hd cannot be
evaluated with a sufficient precision mainly because of a
dearth of nonstoichiometry data in the hyperstoichio-
metric region (do0). The relative partial molar enthalpy
and entropy of component oxygen are evaluated as
functions of nonstoichiometry, which are respectively
found to be a sum of fractional contributions of oxygen
incorporation reactions consuming electrons in the
hypostoichiometric n-type branch (d � 0) and generat-
ing holes in the hyperstoichiometric p-type branch
(d � 0), respectively, or DmO ¼ ½n=ðn þ pÞ�DmOðnÞ þ
½p=ðn þ pÞ�DmO ðpÞ:
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