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Self- and N2-broadened linewidths of NO in the 5.4 11m band have been measured at 163 and 295 K using 
high resolution Fourier transform spectroscopy. These linewidths have been calculated using the formalism of 
Robert and Bonamy. The calculated values are in good agreement with the experimental one. Therefore, the 
same formalism can be reasonably used in order to calculate 02-broadened widths which cannot be easily 
measured. Air-broadened linewidths calculations have been performed in the temperature range [163-295 K]. 
From the results the J dependence of the exponent m (J) which gives the temperature dependence of the 
widths, according to the power law y(T) = y(To) (T ITo)-m(J) has been established. 

I. INTRODUCTION 

The strengths 5 Ii' widths Y II' and frequencies W'j 

of individual spectral lines in the fundamental band of 
NO are important in a variety of applications such as 
measurements of NO concentrations in the stratosphere1 

or in automotive exhaust. 2 Many modern methods, USing 
for instance m diode laser spectroscopy, are developed 
in order to determine NO abundance or vertical concen
tration profiles. It is now evident that the three molec
ular parameters 5,1, Y'I' and wI! have to be known to a 
fairly high accuracy to get reliable information from 
these experiments. 

ExtenSive data on the line positions and intensities 
in the 0-1 band of NO are available in the literature. 3-5 

Concerning the linewidths, we have examined the most 
recent laboratory measurements. 6- 11 In our opinion, 
the concluSion of Tejwani et al. 8 on the scatter of the 
data still holds, especially for N2 broadening. More
over it seems that no measurements of N2-broadened 
widths at low temperature, of atmospheric interest, 
have been previously published. We present such mea
surements here together with a theoretical analysis. A 
Simple power-law dependence of air broadened widths 
of NO upon temperature has been deduced from this 
comprehensive study. In Sec. II we present the experi
mental conditions and a brief review of the procedure of 
data reduction. Section III gives the experimental re
sults and a comparison with some previous studies. In 
Sec. V the data for self- and N2-broadened widths are 
compared with the results of calculations using the for
malism due to Robert and Bonamy which is reviewed in 
Sec. IV. 12 The aim was to establish the reliability of 
the theoretical model. Then, confident widths can be 
calculated for O2 broadening. Indeed, the chemical in
stability of the NO-02 system does not allow a direct 
measurement of YNO-0 2' Air-broadened widths of NO at 

different temperatures between 163 and 295 K have been 
computed so that the temperature dependence of the 
widths can be established. 

II. EXPERIMENTAL PROCEDURE 

A. Experimental conditions 

The spectra have been recorded with the Fourier
Connes type interferometer of the Laboratoire d'Infra
rouge. 13 The capability of Fourier transform spectros
copy to furnish simultaneously a great number of line 
intensities and widths is now clearly established. 11 For 
the purpose of width and intenSity measurements, it is 
of the utmost importance to use an apodized apparatus 
function, in order to eliminate the oscillating feet of 
the nonapodized function. 14 Among the apodization func
tions described by Delouis, 15 we have used the so-called 
"AP~1" function (for details see Refs. 14 and 16). 

The half-width of the apodized apparatus function was 
generally equal to 2.9 X 10-3 cm-1 in our spectra (cf. Ta
ble I). With such a high resolution, the use of relatively 
low pressures of perturber does not lead to important 
distortions of the profiles. Therefore, only small cor
rections are necessary to obtain the "true" parameters 
from "apparent" measured ones. Moreover, we will 
see later that low pressures of perturber have to be 
used for NO, in order to minimize a possible interfer
ence effect between the two components of each A dou
blet (see later Sec. III). 

The experimental conditions are gathered in Table I. 
The variable path length cell used in the present study 
has been described previously. 17 It is a stainless steel 
double body cell cooled by a refrigerant (methylcyclo
hexane). In order to obtain better thermal insulation 
and to reduce the water vapor absorption, the cell has 
been set in a vacuum chamber. During the recording 
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TABLE I. Experimental conditions. 

Spectrum Resolutiona Temperature NO pressure N2 pressure 
number (10"3 cm-1) (K) (Torr) (Torr) 

1453 2.9 295 150 
1454 2.9 163 83.2 
1457 4.3 163 1.1 82 
1458 2.9 295 2 148 

~he resolution is defined here as the half-width of the apodized apparatus function AP~l. 

of the interferograms, the gas temperature remained 
stable within ± 1 K. 

B. Data reduction 

A detailed description of the procedure of data re
duction has already been given previously. 14 Briefly 
for each doublet two apparent parameters are mea
sured, the observed peak transmission [TObS(CTO)] and the 
half-width at half-height of the observed absorption (w). 
From these parameters, the true value of the half-width 
Yf/ is retrieved from a correspondence table, previous
ly built, which gives Yfl as a function of TObS(CTO), wand 
d, distance between the two components of each A dou
blet. Indeed, for the pressures used here, Yf/ and d 

are often of similar magnitude (particularly in the 21Tl!2-

21Tl!2 subband), and the two components, although not 

resolved, cannot be considered as completely merged. 
It has been shown previously that Yf/ can be retrieved 
without any loss of precision, provided d is known with 
sufficient accuracy. 14 Recent publications on A doubling 
parameterslS- 20 allow the present compilation of very 
precise values of d as a function of J in each subband. 

Finally, it must be pointed out that two assumptions 
underlie the data analysis: 

(1) We neglect a possible influence of collision-in
duced transitions between the A doublet levels. As out
lined by Gordon2l the possibility of this mechanism 
exists, leading to an interference effect between the two 
components and a narrowing of the resulting profile, 
this narrowing being more pronounced as the pressure 
increases. However, it seems reasonable to ignore 

T ABLE II. Observed HWHM (in 10-3 cm-1 atm-1) for the R branch (0-1 band) of NO perturbed by N2; T = 295 K. 

n 3t2- n 3!2 nt/2- n 1t2 
Subband Subband 

Smoothede Smoothede Previous measurements 

J Obs. values Obs. values n 3t2-n 3t2 n 1t2-n1t2 

0.5 62±7 65 ±3" 72P 
2.5 72 ±7 69.7 72±7 
3.5 68.4 ± 7 68.8 61.1 ±7 62.3 55a 50a 

4.5 68.2 ± 7 68 62.9±7 62.2 60 ±2. 5" 58 ±3. 5" 
5.5 67.3±7 67.1 62.1 ±6 62.1 55a 51a 

6.5 63±6 66.3 63.3 ±6 62 
7.5 62.3±6 65.4 60.8 ±6 61.8 54a 51a 

8.5 66.6 ± 6 64.6 60.2 ±6 61.5 57b 

9.5 63.8 ±6 63.7 65±6 61. 2 60b 55b 

10.5 62.3 ±6 62.9 59.3 ±6 60.8 52a 50& 50 ±4" 
11.5 64.2 ±6 62 58.9 ±6 60.4 
12.5 60.7 ± 6 61.2 61.1 ±6 59.9 
13.5 61.8 ± 6 60.3 61. 9 ±6 59.4 
14.5 60.3±6 59.4 57.5 ± 6 58.8 5a<! 5a<! 
15.5 55.4 ±6 58.6 55.6 ±6 58.1 53a 54d 50a 54d 

16.5 57.8 ± 6 57.7 57.2 ± 6 57.4 5~ 5~ 
17.5 60.8 ±6 56.9 57 ±6 56.6 50d 50<1 
18.5 55.7 ±6 56.3 54.8 ±6 55.8 4 a<! 4a<! 
19.5 53.2 ± 6 55.2 55.4 ±6 54.9 4a<! 4a<! 
20.5 54.2 ±6 54.3 56.5 ± 6 53.9 48a 47a 

21.5 51.4±6 52.9 
22.5 52±6 51.9 

aFrom Ref. 7. 
"From Ref. 6. 
"From Ref. 9. 
dReference 8; The 2n1t2 and 2P3t2 components having the same J have been assumed to have identical widths. 
eSmoothed values have been obtained through a least squares Chebyshev polynomial fit. 
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1636 Houdeau et al.: Air broadened NO linewidths 

TABLE m. Observed HWHM (in 10"" 
cm"1 atm"1) for the R branch (0-1 
band) of NO perturbed by N2; T= 163 K. 

J 

10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 

ITS/2-ITS/2 
subband 

87.7 ±9 
89.6 ± 9 
90.4±9 
82.3±9 
84±8 
82.3 ± 8 
86.8 ± 8 
83.2 ±9 
82.5±9 

IT1/2-IT1/2 
subband 

82±8 
82.7 ±8 
81.3±8 
77.3±8 
79.7 ±8 
77.1 ±8 

this mechanism at pressures below or around 150 Torr, 
which is the upper limit of the present study. In other 
words, the components of each A doublet are supposed 
to be additive. 

(2) Moreover, we assume that these components have 
equal widths and intensities. Here, too, experimental 
and theoretical evidence support this assumption. For 
instance, there appears to be no significant difference 
between the widths and intensities of the A components 
for well resolved doublets recorded at lower pressures 
and high resolution (see Refs. 18 and 22). 

III. EXPERIMENTAL RESULTS 

Our experimental results are presented in Tables 11-
IV and Fig. 1. Measurements have been restricted to 
the R branches of the allowed 21T3/2-21T312 and 21T1/2-21T1/2 

subbands. 

A. NO-N2 system 

The 'Yfl values at room temperature reported here are 
in reasonable agreement with the most recent published 
results. Let us note however that our data are about 
15% higher than those of Henry et al. 7 also obtained from 
high resolution measurement, but using a higher range 
of pressure (250 to 700 mm Hg). The same conclusion 
holds when considering the data of Tejwani et al. 8 (PN2 
'" 4. 8 atm). A possible explanation of this slight dis
crepancy is in direct relation with the different condi
tions of pressure of these experiments. There seems 
to be no doubt that if the A components interfere in a 
significant manner, the resulting narrowing will be 
more pronounced as the pressure is more elevated. 

To our knowledge, at low temperature, no data are 
presently available for comparison. 

B. NO-NO system 

The study has been restricted to only a few lines, 
this system being of minor importance for atmospheric 
applications. Let us note that our results obtained with 
P NO = 150 Torr, lie between those of Abels and Shaw10 

(200 < PNO < 760 Torr) and those of Mandin et al. (PNO 

'" 21 Torr). 11 Here too the question may be raised of 
the possibility of an interference mechanism. However, 
it is difficult to go further in that analysis. Let uS note, 
for instance, that the results of Abels and Shaw for self
broadening appear to be questionable when compared to 
the N2 broadening (cf. Tables II and IV). From this 
comparison, it seems that NO would be less effective 
than N2 in broadening. This is not very plausible, con
sidering the fact that the quadrupolar interactions are 
higher in NO-NO than in NO-N2 and that weak dipolar 

TABLE IV. Observed HWHM (in 10"S cm"1 atm"l) for the fundamental band of self-broadened NO (R branch). 

T=295 K 
T = 163 K 

Present work Previous measurements Present work 

J ITS/2- ITs/2 ITll2-IT1/2 From Ref. 10 From Ref. n a 
IT3/2- IT 3/2 ITI/2- ITt! 2 

IT S/ 2-ITS/ 2 ITU2 -IT1/2 

12.5 74±7 56 58 87, 97 100.5±9 

13.5 70±7 55 55 87, 97 96 ±9 

14.5 68 ±7 55 57 88, 98 93±9 

15.5 68±7 55 56 85, 97 91 ±9 

16.5 67 ±7 49 47 82, 98 92 ±9 86 ±9 

17.5 66 ±7 63.7 ±7 49 42 83, 102 86 ±9 

18.5 66 ±7 61.8±6 50 45 81, 94 92 ±9 

19.5 66±7 62.2 ± 6 55 46 79, 95 88 ±9 

20.5 62±7 59.8 ±6 45 

21.5 65 ±7 61.1 ±6 45 

22.5 65 ±7 60.4±6 

23.5 60.7 ± 7 

aR branch of the 2IT3/2-2nl12 (0-1) band of ION ISO; the results correspond, respectively, to e-e and f-I transitions. 
The average uncertainty is 25%. 
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interactions also contribute in pure NO broadening. 
Note for instance that the CO-NO linewidths have been 
found 10% to 15% higher than the CO-N2 ones as ex
pected. 23 In contrast with the results of Abels and 
Shaw,10 our results exhibit the expected behavior, either 
at room or low temperature (cf. Tables II-IV, III-IV). 

IV. THEORY 

The purpose of this section is to compute the half
width at half-maximum (HWHM) Yfl for self- and for
eign-gas (N2 and O2) broadened NO linewidths by using 
the semiclassical formalism developed by Robert and 
Bonamy.12 This theory has been successfully applied 
to many diatom-diatom systems in the ground ~ state 
and has been recently extended to systems in the n 
state 0 24,25 

The expression for the HWHM of some! - i transition 
is 

YfI=2
nb L PJ2 I"V!(v)dv 1"21Tbdb{1-[1-54~'l2i2J 
1TC J 2 0 0 

x exp[ - (52.12 + 52,12 + 5~~)2 12)] cos[5~. 12 - 5~, i2J} , 

where nb is the numerical density of the perturbing gas, 
f(v) is the Maxwell-Boltzmann distribution of relative 
velocities (in practice, the velocity average is not per
formed and all calculations are made for the average 
collision velocity v), P Jz is the Boltzmann distribution 
of the perturbing molecules, b is the impact parameter. 
The second order 52 contributions are dynamically re
lated to the interaction between the colliding moleculeso 
They aforementioned have already been defined in pre
vious papers, 12,25 

In its ground state, NO is the 2n state which splits 
into the two components 2n1/Z and 2n3/2 by spin-orbit 
interaction, with the 2n1/2 levels at lower energy than 
the zn3/2 levels (normal structure), Moreover, the 
interaction between the rotational and electronic mo-

+ + 

20.5 J 

FIG. 1. N2-broadening coefficients 
vs J at T = 295 K. Observed values 
0: 2Ih/2-2IT3/2 subband. +: 2IT t/2-
2ITt/2 subband. The straight lines are 
Chebyshev polynomial fits to the mea
surements. 

tions in the molecule produces A doubling for each 
J (2n1lZ ,3fZ)' As the coupling is intermediate between 
Hund's cases (a) and (b), the real wave functions are 
linear combinations of the symmetric top wave functions 
1JI(Zn1fZ) and 1JI(2n3f2) corresponding to pure Hund's case 
(a) in which the quantum number K takes the values 1/2 
and 3/2, respectively: 

~ J ,If 2.M = e(J) 1/J(2n1/Z) + d(J) 1JI(2n3/Z ) , 

~J,3/2'M = e(J) 1JIen3/2) -d(J)1JI(zn1l2) • 

As e(J) is nearly 1 [and d(J) nearly 0] provided the ro
tational quantum number J is not too high, Hund's case 
(a) may be considered as a good approximation for de
scribing the energy levels of the NO molecule. 26 This 
comes from the fact that the constant Ao = 123. 2 cm-1 

which represents the magnitude of spin-orbit coupling 
is higher than the rotational constant Eo = 1. 69609 cm -1. Z7 

Consequently, the modifications to be brought to the 
theory12 due to the n ground state are minor in the case 
of NO. The rotational quantum number J is half-integer 
with minimum values J = 1/2 or J = 3/2 in the 2n1l2 and 
2n3/2 states, respectively, and the Clebsch-Gordan co
efficients appearing explicitly in 5z(b) (cf. Appendix C 
of Ref. 12) have to be replaced by those of the symme
tric top. 25 

In this paper, we establish the temperature depen
dence of air-broadened NO linewidths in a temperature 
range of stratospheric interest. For that purpose, a 
comparison will be first made between measured and 
calculated widths for NO-NO and NO-Nz systems, in 
order to test the model. Then 02-broadened widths can 
be confidently calculated. Let uS recall that the insta
bility of the NO-02 system prevents a direct measure
ment of Oz-broadened widths. Thus the reliability of 
the calculation is of crucial importance to predict the 
temperature dependence of air-broadened widths. A 
similar study was performed by Tejwani et aT. 8 in the 
frame of the Anderson-Tsao-Curnutte theory. 28 Our 
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TABLE V. Physical parameters characterizing the potential energy. 

€(K)a aiA)a djJ(kcaL~12/moDb e'J(kcal A 6/moDb I rll I • I r2J I (A)b Q(10-26 esu)C ,,(t 0-18 esu)C Bo (cm-I)d 

NO-NO 105.8 3.660 dN""N = 684 988 eN""N "'455 I rlN 1=0.614 
QNo=-1.8 Bo(NO) = 1. 6961 

I rlol =0.537 

NO-Nz llS.8 3.58 dN-o = 366520 eN-o =360 I r 2N 1=0.548 QN
2
=-1.52 "NO = 0.158 B o(N2) = 2. 01 

NO-02 116.8 3.55 do-o = 190 829 eo-o = 285 I r20 I = O. 603 Q02=-0.39 B O(02) = 1. 4377 

aValues deduced from the calculated potential surfaces. 
bMidpoint values from: M. Oobatake and T. 001, Prog. Theor. Phys. 48, 2132 (1972). 
"Recommended values from: D. E. Strogryn and A. P. Stogryn, Mol. Phys. 11, 371 (1966). 
~eference 27 and G. Herzberg, Spectra of Diatomic Molecules (Van Nostrand, Princeton, 1966). 

conviction is that this theory, which may give satisfac
tory results for polar molecules, is no longer valid for 
instance for NO-O:! system. Indeed, the quadrupole 
moment of Oz being very small (-O.4xlO-z6 esucmZ), 

the straight path trajectory description is therefore un
physical. In our formalism, IZ the relative translation 
of the colliding pair takes into account the influence of 
the isotropiC interactions on the trajectory which avoids 
the unphysical situation in which the molecules inter
penetrate. 

The remaining problem is to give a correct descrip
tion of the interaction potential. For low J values, the 
long-range quadrupolar interactions are expected to 
dominate broadening (at least for self- and Nz broaden
ing), the dipole moment of NO being very weak (see 
Table II). A more convenient description of the poten
tial valid for high J values and for weakly interacting 
molecules, such as NO-Oz, consists in adding to the 
electrostatic interactions the so-called atom-atom in
teractions which include an anisotropic short-ranged 

potential. The total potential is written as 

+ V"I"2+ V"I02+ V"201+ VOI02 ' 

where the indices i andj refer, respectively, to the ith 
atom of molecule 1 and the jth of molecule 2, rU,2j is 
the distance between these two atoms, d lj and elJ are 
the atomic pair energy parameters, and J.L and Q are 
the dipolar and quadrupolar moments of the molecules. 
The potential may be expressed in terms of the inter
molecular distance r, and of the spherical harmonics 
YT tied to each molecule: 

Inf (/1,/2) 

V(r, 91, 92, 1/>1 - I/>z) = 41T L L Ull/zm(r) 
11012 m=-lnf(/I,/z) 

x YTII( 91> 1/>1) Yi~( 9z, I/>z) 0 

The radial functions Ulh Izm(r) depend explicitly on the 
intramolecular distances ru and rZJ and on the energy 

TABLE VI. HWHM (in 10-3 cm; atm-1) for the fundamental band of NO (R branch) in the 2n3/2 

ground state. 

NO-Nz NO-NO 

295 K 250 K 200 K 163 K 295 K 

~ a b b b a b a b 

2.5 72 71.8 82.3 99.0 118.1 
3.5 68.4 
4.5 68.2 
5.5 67.3 66.7 76.4 92.0 110.3 
6.5 63 
7.5 62.3 
8.5 66.6 63.5 72.8 87.9 106.0 88.5 

9.5 63.8 
10.5 62.3 87.7 
11.5 64.2 61.2 69.6 82.9 89.6 97.9 
12.5 60.7 90.4 74 
13.5 61.8 82.3 70 
14.5 60.3 57.5 64.5 74.9 84.0 86.3 68 

15.5 55.4 82.3 68 
16.5 57.8 86.8 67 
17.5 60.8 52.5 57.7 65.2 83.2 73.0 66 76.1 
18.5 55.7 82.5 66 
19.5 53.2 66 
20.5 54.2 46.7 50.3 55.2 60.1 62 
22.5 65 63.4 

aExperimental values (this work). lIcalculated values. 
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NO Air 

2 
1(312 state 

40~----~----~----r---~~--~-----' 
2.5 5.5 6.5 11.5 14.5 17.5 

FIG. 2. Air-broadened linewidths of NO; calculated for the 
2rr3/2 subband in the R branch of the fundamental. 

parameters d lj and elj. For details, see Refs. 12 and 
15. The parameters used for the potential are given in 
Table IT. 

v. RESULTS AND DISCUSSION 

In a previous paper, 2f we focused our attention on the 
differential broadening between vibration-rotation lines 
belonging to the 2nl/2 and 2n3/2 subbands of NO per
turbed by argon or nitrogen. This magnetic effect was 
first mentioned by Henry et al. 7 and confirmed by 
Rohrbeck et al. 9 and Se1l6 but there was not truly agree-

m 

0..8 

0.6 

0..4 

0.2 

a 
2.5 5.5 8.5 11.5 14.5 17.5 

TABLE VII. Calculated HWHM (in 10"3 cm-t atm-t ) 
for the fundamental band of NO perturbed by O2 
(R branch) in the 2IT3/2 ground state. 

J 
T 295 K 250 K 200 K 163 K 

2.5 56.3 64.1 76.1 91.0 
5.5 51. 9 58.6 69.7 83.5 
8.5 50.3 56.8 67.7 81.3 

11.5 49.4 55.6 65.8 78.2 
14.5 48.1 53.9 63.1 74.1 
17.5 46.2 51.6 60.0 69.7 
20.5 44.1 49.0 56.7 65.2 

ment between all authors concerning the absolute mag
nitude of this effect. From Table IT, it appears that our 
results cooroborate those of Henry et al. 7 for JS10. 5. 
For higher J values, the effect, as deduced from our 
data, seems to disappear more rapidly as J increases. 
However the conclusion of Ref. 24 concerning the possi
ble influence of multiquantum exchanges still holds. 

In the following, the calculations will be restricted 
to the 2n3/2-2n3/2 subband (the magnetic effect which 
will be disregarded, will however be kept in mind). 

Our experimental results for 'rtl in the 2nS/2 funda
mental band are compared with the computed linewidths 
in Table VI. The agreement is satisfactory for N2 
broadening in the range of temperatures of concern. 
As the quadrupolar interactions have been found to con
tribute dominantly to the linewidth, at least for low J 
values, it seems that the values chosen for the quadru
polar moments for both NO and N2 molecules (Table V) 
are of correct magnitude. Note that a precise estima
tion of these constants is of great importance as soon 
as one aims to predict some linewidths values for which 
no experimental comparison can be made (NO-02 for 
instance). 

Computed values for ~ broadened NO linewidths are 
reported in Table VIT. The dominant contribution in 
this case was found to be due to the short range aniso
tropic interactions mainly for the intermediate and high 

20..5 J 

FIG. 3. Power law for the tempera
ture dependence of air-broadened 
widths of NO: exponent m vs J. 
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J values, the quadrupole-quadrupole interaction being 
of importance only for the low J values. 

The knowledge of air-broadened linewidths of NO and 
their dependence on temperature is essential for at
mospheric purpose. They have been calculated by uSing 
the relation8: 

YNO-Alr = 0.79 YNO-N2 + O. 21 YNO-02 • 

In Fig. 2, we show the air-broadened linewidths of NO 
at 163, 200, 250, and 295 K. From these results, it 
may appear useful to relate y,,( T) (in cm-l atm- l ) to the 
experimental y,,( To) (To being the room temperature) by 
means of the expression29: 

y,,(T)=y,,(To)(T/Torm(,T) • 

The parameter m(J) is deduced from the calculations. 
Figure 3 shows the variation of the temperature ex
ponent m(J) with the rotational quantum number J. This 
parameter varies from m = O. 81 at J = 2.5 to m = O. 47 at 
J = 20. 5. At low J, and in the range of temperatures of 
concern here (moderate values of the relative energy), 
the long range electrostatic interactions are more im
portant (quadrupole-quadrupole interaction in r-5) while 
short range dispersion forces (in r-12 to r-16) dominate 
broadening at high J values. (Let us recall the predom
inant influence of N2 broadening.) Thus, the behavior 
of the temperature exponent curve (Fig. 3) indicates, at 
each J value which is the dominant interaction in the 
broadening mechanism. In a simple model deduced by 
Birnbaum from the ATC theory, 30 the HWHM (in cm-1 

atm -1) depends on the temperature following the law: 

y( 1') aT-[n+1/2(n-ll] , 

where n is the power of (l/r) in the assumed predomi
nant interaction potential. This leads to m = O. 75 for 
n = 5 at low J values and m = 0.57 for n = 16 around J 
= 20.5. In spite of the well-known limitations of the 
ATC theory the results of Fig. 3 roughly follow the 
above temperature law because of the limited range of 
temperature considered here (163 < T< 300 K). 
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