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The dyes rhodamine 6G and rhodamine 19 are investigated. The dye stability versus temperature and time is studied. Bulk dye
stuffis found to be less stable than dye adsorbed 1o the stainless steel cell walls and in the vapor phase. Rhodamine 6G converts
to rhodamine 19 before evaporation. Adsorbed rhodamine 19 and rhodamine 19 vapor disintegrate most likely into 2,7-dime-
thylrhodamine 110 at elevated temperatures ( > 320°C). For rhodamine 19 vapor the absorption spectrum, the saturated vapor
density and the latent heat of evaporation are determined. The vapor absorption spectra of rhodamine 19 and 2.7-dimethylrho-

damine 110 are compared with solution spectra.
1. Introduction

The spectroscopic behavior of many non-ionic dyes
in the vapor phase has been studied in the past [1-
7]. For some of these dye vapors laser action was
achieved [1-5] and nonlinear optical light genera-
tion was studied {8,9]. The spectroscopic study of
ionic dyes is scarce [ 10,11 ] because their vapor pres-
sure is low and the chemical stability in the vapor
phase is weak [4,12,13]. The evaporation of ionic
dyes in an ultrasonic molecular jet was reported [13].

In this paper the evaporation of rhodamine 6G and
rhodamine 19 is studied. The thermal decomposi-
tion of the bulk dye stuff, of the adsorbed dye at the
stainless steel cell walls, and of the dye vapor. is in-
vestigated. Rhodamine 6G is found to distintegrate
into rhodamine 19 before evaporation. The unpro-
tonated (neutral) form of rhodamine 19 is thought
to exist in the vapor phase up to approximately
320°C. Above this temperature rhodamine 19 most
likely decomposes to 2,7-dimethylrhodamine 110 (2-
[6-amino-3-imino-2,7-dimethyl-3H-xanthen-9-yl]
benzoic acid). The S-S, absorption spectra of rho-
damine 19 vapor and of 2,7-dimethylrhodamine 110
vapor are compared with the liquid solution spectra
of rhodamine 19 and rhodamine 110, respectively.
The saturated vapor density and the saturated vapor
pressure of rhodamine 19 versus temperature are de-

termined by measuring the dye flow through a small
orifice.

2. Experimental

The experimental setup for the measurement of the
absorption spectra of the rhodamine vapors in the
visible spectral region is depicted in fig. 1a. The light
of a 200 W tungsten lamp is collimated and passes
three times through the dye vapor cell. The spectral
distribution of the transmitted light is measured with
a SIT vidicon (OSA of BuM Spectronic) behind a
spectrometer. The vapor cell is evacuated before
heating. The measurements are carried out without
buffer gas. The temperature of the dye reservoir, Og,
is kept approximately 20° below the temperature of
the vapor cell, 8¢. The cell windows (sapphire) and
the high-temperature valve V1 are heated separately.

The ultraviolet spectrum of the dye vapor is mea-
sured with a 5 cm long vapor cell (stainless steel walls
with sapphire windows) in a spectrophotometer
(Beckman type ACTA M4). This experimental setup
is described in ref. [7].

The temperature dependence of the saturated va-
por pressure (saturated vapor density) of rhodamine
19 is analysed with the arrangement of fig. 1b. The
dye is filled in the vessel Cl1 and the vapor flow
through valve V3 is measured at a fixed temperature
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Fig. 1. (a) Experimental setup for absorption spectroscopic measurements. LS, 200 W tungsten lamp. Al. A2. apertures. L1, L2. lenses.
M1, M2. plane mirrors. HIC, heat-insulation chamber with quartz glass windows. VC, heated vapor cell with dye reservoir DR (material
is stainless steel No. 4301 consisting of 0.5% C, 18% Cr, and 9% Ni), high-temperature valve V1 (Nupro type SS-4H-TW) and sapphire
windows (30 mm diameter, S mm thickness). Cell is heated with metal-cover heating cable (approximately 1500 W power). The sap-
phire windows are heated separately (1wo hatched metal blocks with heating cartridges of approximately 400 W power consumption.
each). The valve V1 is heated with a glass-silk heating cable (300 W power). SP. 25 cm grating spectrometer. SIT. silicon intensified
1arge1 vidicon of optical spectrum analyser. (b) Apparatus for dye decomposition and relative saturated vapor densily measurement by
accumulated dve-flow technique. C1. dye reservoir. C2. cooled vessel for condensed dve. V2. V3, high-temperature valves. Material of

apperatus is stainless steel.

(dve condensates in cooled vessel C2 during a fixed
period of time, the amount of condensated dye is de-
~ termined spectroscopically by dissolving the dye in
methanol and measuring the absorption).

The arrangement of fig. 1b is also used to study the
thermal decomposition of bulk rhodamine 6G and
rhodamine 19 (valve V3 remains closed during whole
analysis). The dye is filled in vessel C1. Before heat-
ing up the tubing is evacuated. The time period of
heating and the temperature are varied. After the heat
treatment the dye is dissolved in methanol and the
absorption spectrum of the dve is measured.

The thermal stability of the dye vapors is seen by
inspection of the vapor absorption spectra. The dye
adsorbed to the stainless steel walls of the transmis-
sion cell is analysed at the end of each measurement
by cleaning the walls with methanol and measuring
the absorption spectra of the soiutions.

3. Results
3.1. Thermal dye decomposition

The structural formula of rhodamine 6G is given
in fig. 2 by (I). Rhodamine 6G exists only in salt
form. Rhodamine 19 has three forms (14]: In acid
solvents (e.g. methanol with HCl) the protic form
(111) is present. In basic solvents (e.g. methanol with
NaOH ) the neutral zwitterionic form (IV) exists. The
neutral lactonic molecule (V) is formed in unpolar
basic solvents {e.g. 1,2-dichloroethane with triethyl-
auune [15]) [26]. Dye dilution in neutral polar sol-
vents (e.g. methanol) shifts the equilibrium from the
protonated (I11) to the unprotonated (1V) form.

The thermal stability of bulk rhodamine 6G is il-
lustrated by the dashed lines in fig. 3. Up to 200°C
the dye remains practically unchanged by heéating
(experimental arrangement of fig. 1b, valve V3
closed). At 250¢C rhodamine 6G disintegrates into
rhodamine 19 within 1 h (absorption spectrum has
the same shape as for rhodamine 19, thin film silica
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Fig. 2. Structural formulae of investigated dyes. (I) Rhodamine

6G chlorid, (II) xanthene, (III) rhodamine 19 perchlorate, (IV)

neutral zwitterionic rhodamine 19, (V) lactonic form of rhoda-

mine 19, (VI) 2,7-dimethylrhodamine 110 perchlorate, (VII)

neutral zwitterionic 2,7-dimethylrhodamine 110, (VIII) lac-
" tonic form of 2,7-dimethylrhodamine 110.

gel 60 chromatogram with methanol fluent shows very
weak rhodamine 6G peak and very strong rhodamine
19 peak). Even at 200°C in the space above the dye
sample only rhodamine 19 vapor is present (experi-
mental arrangement of fig. 1b, valve V3 open, spec-
trum of condensed dye in vessel C2 is measured ).
The thermal stability of bulk rhodamine 19 is illus-
trated by the solid lines in fig. 3. The fraction of un-
destroyed solid rhodamine 19 versus time is depicted
for various temperatures (absorption coefficients at
wavelength A, of peak S,-S, absorption undes-
troyed rhodamine 19 are compared). Up to 250°C
the dye is stable. At 300°C the solid dye disintegrates

T T T T T T T T T T
1 R
A 1 —
\
L > J
g )
e \
g 0’ \ 3
C ]
g I \ ]
2 [\ ]
3 \ ]
- \ ]
°© \
g | )\ ]
S \
< 20 \3
& \
10 - \ :
C \ ]
- \ .
r \A .
! I 1 [N | 1 L | B
0 60 120 180
TIME t (min]

Fig. 3. Fraction of unconverted rhodamine 6G (dashed) and un-
destroved rhodamine 19 (solid) versus time. Line (1). (O):

=250°C; line (2), (®): 0=280C: line (3). (A): =300"C;
line (17), (Od): 9=200°C: line (2'), (O): ¥=250°C.

within 1 h. The heated bulk dye changes the absorp-
tion peak in basic methanol from 518 nm (neutral
zwitterionic rhodamine 19, [V) to 500 nm (neutral
zwitterionic 2,7-dimethylrhodamine 110, VII) and
carbonizes finally.

The rhodamine 19 vapor in the transmission cell is
stable up to a cell temperature of 9-x 320°C (reser-
voir temperature 9g=300°C, transmission mini-
mum of vapor at A~ 500 nm, see curve (3) of fig.
4a). Above 9-=320°C (9g=300°C) the vapor dis-
integrates into a new dye (transmission minimum of
vapor at Ax 460 nm, curves (4)-(6) of fig. 4a) which
is thought to be 2,7-dimethylrhodamine 110 (VII).
The rate of disintegration increases strongly with ris-
ing temperature. The dye formed newly seems ta be
stable up to the highest temperature applied
(8c=400°C, 9z =380°C). The stainless steel walls,
catalyze probably the dye disintegration from rho-
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Fig. 4. Spectral transmission of vapor of heated rhodamine 19
dyestuff. (a) Visible transmission spectrum of rhodamine 19 va-
por (peak around 500 nm) and of disintegrated component (peak
around 460 nm. 2.7-dimethyvirhodamine 110). Triple passage
through vapor cell of 42 cm length. (b) Ultraviolet transmission
spectrum of destroved rhodamine 19 molecules in vapor phase
(probably benzene components around 260 nm and xanthene
components around 300 nm). Single passage through vapor cell
of 5 cm length. The curves belong 10: curve (1) 250°C. curve (2)
280:C. curve (3) 300:C. curve (4) 320°C. curve (5) 360°C,
and curve (6) 380°C. The heat-up rate is approximately 2°C
min~'

damine 19 to 2.7-dimethylrhodamine 110.

The vapor spectra (fig. 4b) indicate a strong ab-
sorption in the ultraviolet spectral region. Probably
this absorption comes from dye fragments of the bulk
sample like benzene, benzoic acid, xanthene (II) and
xanthene derivatives. The neutral lactonic forms of
rhodamine 19 (V) and of 2,7-dimethylrhodamine
110 (VIII) would absorb around 300 nm (see curves
(3) in figs. 5 and 6). The presence of these forms in
the vapor phase is unlikely but cannot be excluded
from the vapor transmission spectra of fig. 4.

The rhodamine 19 dye adsorbs strongly to the
stainless steel cell walls. (The dye at the walls is
washed out with methanol after the measurement and
analysed absorption spectroscopically.) Up to a wall
temperature of U > 320° C the adsorbed dye remains
mainly rhodamine 19 (acid and basic adsorption
spectra correspond to spectra (1) and (2) of fig. 5).
Above 9= 320°C the dye decomposes gradually to
2.7-dimethyirhodamine 110 (acid and basic adsorp-
tion spectra correspond to spectra (1) and (2) of fig.
6 which belong to rhodamine 110).
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Fig. 5. Absorption cross-section spectra of rhodamine 19 in acid
methanol (+ HCI, form 111 of fig. 2. dashed-dotied curve (1)),
in basic methanol (+NaOH, form IV, solid curve (2)), and in
basic 1.2-dichloroethane (+triethylamin. form V. solid curve
(3)). The dotted curve belongs 1o xanthene (form II) in metha-
nol. The dashed curve shows the absorption cross-section spec-
trum of rhodamine 19 vapor (form 1V). The absolute values of
this curve are determined by [,,0ov(#)dd =[,.0.(F)dp
=6.45x 10" cm.
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Fig. 6. Absorption cross-section spectra of rhodamine 110 in acid
methanol (+HC], cationic form. dashed-dotted curve (1)), in
basic methanol ( +NaOH, neutral zwitterionic form, solid curve
(2)) and in basic 1,2-dichloroethane (+ triethylamin. lactonic
form. dotted curve (3)). The dashed curve belongs to 2,7-dime-
thylrhodamine 110 vapor (form VII). The absolute values of this
curve are determined by [,,0v(P) di=[,,0 (F)di=5.13
x10~"* em. :

The lines of fig. 3 indicate that at a fixed tempera-
ture ¥ the dye disintegrates approximately exponen-
tially according to

Nud(’)zNud(O)CXP["I/Tdis(lS)]ﬂ (l)
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where N, is the number density of undestroyed dye
molecules. The disintegration time constant 7y, may
be approximated by an Arrhenius-type temperature
dependence:

Tdn = yzi-lsl exP(Qdis/kﬁ) ’ . (2)

where vy is the attempt frequency of disintegration
and Qy;, is the activation energy of disintegration.
Vaiex 10" s~ and Qus 3% 10-'° J for bulk rhoda-
mine 19, Q45> 3.5% 10-'°J for rhodamine 19 vapor,
and Qy,,>2.7X 107" J for bulk rhodamine 6G give
reasonable fits.

3.2. 4dbsorption cross-section spectra

As mentioned above, rhodamine 6G could not be
transferred to the vapor phase because it disinte-
grated into rhodamine 19 before evaporation.

The transmission spectra obtained with rhoda-
mine 19 in the dye reservoir are shown in fig. 4. The
spectra.in fig. 4a are measured with the experimental
arrangement of fig. la (cell length /=42 cm, triple
" passage, i.e. total length /,=3/), while the spectra in
fig. 4b are measured with a 5 cm long vapor cell in a
single passage.

The ultraviolet absorption starts already at 250°C
(curve (1)) and increases rapidly with rising tem-
perature (curves (2)-(4)). The UV absorption is
thought to be mainly due to molecular fragments
formed by the thermal destruction of the bulk dye in
the reservoir,

The visible spectra (fig. 4a) belong to rhodamine
molecules. Curve (3) at 9g =300°C shows the trans-
mission spectrum of rhodamine 19 vapor. The neu-
tral zwitterionic form (IV) is thought to be in the va-
por phase. With rising temperature (and with time)
the transmission curves change over to a new spectral
form which is thought to be mainly due to 2,7-dime-
thylrhodamine 110 (neutral zwitterionic form VII).
In the experiments the heating rate was approxi-
mately 2°C min—".

The absorption cross-section spectra of rhodamine
19 vapor and of 2,7-dimethylrhodamine 110 vapor
are shown by the dashed curves in figs. 5 and 6, re-
spectively. These spectra are derived from the trans-
mission spectra (curves (3) and (6) of fig. 4) by as-
suming the same integral absorption cross section of

the vapors and the basic methanolic solutions
[7,17,18], i.e. ‘

J oy(V)di= J o (7)dv.

abs abs

The integration extends over the S,-S, absorption re-
gion. gy and o, are the absorption cross sections of
the vapors and the solutions, respectively. The ab-
sorption cross-section spectra of the protic, neutral
zwitterionic, and neutral lactonic forms of the rho-
damine 19 and rhodamine 110 molecules are in-
cluded in figs. 5 and 6.

The wavelengths of maximum S,-S, absorption of
rhodamine 19 vapor and rhodamine 6G and rhoda-
mine 19 in various solvents are listed in table 1.
Compared to the vapor spectrum the solution spectra
are shifted to longer wavelength.

The frequency shift,

Aﬁabs = ﬁabs. vapor ™ ﬁabs. sol »
is related to dye and solvent parameters according to
(21]

n’-1

Alas=J 505

+ Z#g(#g—llc) (D"'l _ ”2_l>
dneyhcoa® \D+2 n*+2
pg—pz ni=1
drephcoa’ 2n+ 1

(D—n*)(2D+n?)
D(n*+2)* ’

+K

(3)

where J is a molecule-dependent constant, y, and u.
are the permanent ground-state and excited-state di-
pole moments, respectively. A is Planck’s constant, ¢
is the vacuum light velocity, a is the molecular ra-
dius, 7 is the refractive index of the solution at 4 .,
and D is the static dielectric constant. K is a constant
that depends on solute and solvent parameters.

The first term of eq. (3) is due to dispersion force
interaction (London forces). The other three terms
are caused by electrostatic forces. The second term
describes the solute dipole-solvent dipole interac-
tion, the third term gives the interaction of the solute
dipole with its induced dipole moment of the solvent
(solute Stark effect). The last term gives the interac-
tion of the solvent dipoles with the induced solute di-
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Table |
Spectroscopic data of rhodamine 19 and rhodamine 6G
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Parameter Vapor Solution
v o methanol chloroform toluene benzene
D 1.00 80.08 33.64 4.8 2.379 2.284
rhodamine 19 .
Zoman (So=S)) (nm) 500=10 524 528 %) [14] 519.5 528+ 1 530+2
5™ 518% [14]
i) 1.00 1.3353 ¢ 1.3306 % 1.4504 1.5026 1.5072
1.3354 ™ 1.3309 >
Al (cm ™) 0 916 1061 * 751 1061 1132
806 ©' 695®
(= )/ g ° -2x10-? -1.5%10"? -6x10-7 0 0
rhodamine 6G
/man(So—=8;) (nm) 527 528 532.5 537 537
n 1.3552 1.3306 1.4496 1.5016 1.5063

®' Acid solution. ©' Basic solution.

! Parameters used in calculation (eq. (3)) are J=4794 cm~', K=0, g,xre=6.4x10"2* Cm=19.4 D (1 debye=3.3x10"*"C m),
and a=0.46 nm (rx 0.4 nm is distance between positive and negative charge of unprotonated rhodamine 19). Refractive index data
are interpolated from data in refs. [19.20). D values are taken from refs. [19.20]).

poles (solvent Stark effect). Eq. (3) does not include
effects of hydrogen bonding and charge transfer.
The frequency shifts of the S-S, absorption peaks,

Aﬁabs.p =;~;Jx(\.ap- )— }-r;a‘x (sol.) .

versus refractive index function n°~1 are plotted in
fig. 7 for rhodamine 19. The » and D values of the
solvents are listed in table 1. The curves are calcu-
lated by the use of eq. (3). The dispersion force con-
stant J is determined by remaining only the first term
of eq. (3) for the solvents toluene and benzene. The
ratios of dipole change Au/ u,= (U~ e )/ g for the
solvents water. methanol, and chloroform are esti-
mated by curve fitting to the experimental points
~ while setting K=0 (neglect of the forth term of eq.
(3) considering the solvent Stark effect). The results
are collected in table 1. The estimated data indicate
arather small change of dipole moment by excitation
to the S, level.

3.3. Saturated vapor density and saturated vapor
pressure

The saturated vapor number density N of rhoda-
mine 19 at 93 =300°C is determined by the trans-
mission curve (3) of fig. 4 and the dashed absorption

cross-section curve of fig. 5 (T=exp(—ovNs/,)]. A
value of Ng(9x=300°C)=(6.8+1)x10"* cm~*is
obtained. ’

The caros in fig. 8 show the saturated vapor densi-
ties of rhodamine 19 and 2,7-dimethylrhodamine 110
together. These points are determined from the
transmission curves of fig. 4a and the vapor absorp-
tion cross sections of figs. S and 6. Above 9z =300°C
the bulk rhodamine 19 in the reservoir becomes de-
stroved and the observed combined vapor density of
rhodamine 19 and 2,7-dimethylrhodamine 110 rep-
resents the equilibrium between the dye adsorbed to
the stainless steel cell walls and the dye in the vapor
phase (dashed-dotted curve (a) of fig. 8). The
dashed-dotted curves (b) and (c) give roughly the
separated vapor density contributions of rhodamine
19, curve (b), and 2,7-dimethylrhodamine 110, curve
(c).

Below 300°C practically only rhodamine 19 is in
the vapor phase. An absorption spectroscopic deter-
mination of the saturated vapor density of rhoda-
mine 19 below 300°C is difficult because of the small
absorption. Therefore the saturated vapor density of
rhodamine 19 below Ug = 300°C was determined by
a dye vapor flow measurement [22] (arrangement
of fig. 1b; valve V3 half open, vessel C2 cooled,
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#;=—1.5x 10~ (methanol). Dashed-dotted curve, D— | =3.44
(n*=1) and Au/ py=6x 10~ (chloroform). Short-dashed curve,
D=0. All curves: J=4794 cm~"' and K=0.

amount of dye condensed within a fixed period of
time is measured by absorption spectroscopy).
The dye flow rate through valve V3 is given by

[23,24]
1/2
_ Ds _ (kﬂR
"= Grmkdg) 7 = \:nm) ’ @

where ps is the saturated vapor pressure, Ny is the sat-
urated vapor density, m is the molecular mass, k is
the Boltzmann constant, and 8 is the reservoir tem-
perature. The second equality is due to the ideal gas
equation, ps=NskOg. The amount of condensed dye
is M, =kKgown Atm, where A is the area of the orifice
of the valve, ¢ is the time period, and Ky, is a pro-
portionality constant.
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Fig. 8. Saturated vapor densities Vs (experimental points, solid
and dashed-dotted curves) and saturated vapor pressures ps
(dashed curves) versus temperature for heated rhodamine 19 dye
stuff. Caros () are obtained by transmission measurements.
The dashed-dotted curve (a) fits these experimental points. Cir-
cles (O) are determined by dye-flow measurements. The dashed-
dotted curves (b) and (c) give roughly the contribution of rho-
damine 19, curve (b), and 2,7-dimethylrhodamine 110, curve
(c). to the vapor density. The solid and dashed curves are
calculated (egs. (5) and (6)) for: curve (1) Kges=3.56x 10% Pa
K="2 Ques=2.08X10""J, (14es/S=3.6X10"s""); curve, (2)
Kges=4.34X 10" Pa K '? Quee=187X10""" J, (Vye/
S$=2.9x10"s"").

The circles in fig. 8 give the experimental Ng data
(calibrated at 93 =300°C to absorption measure-
ments). Above Og =300°C the rise of N slows down
(bulk dye in reservoir destroyed, equilibrium with
adsorbed dye at walls).

In cooling down the dye vapor from above 320°C
below 300°C the saturated vapor pressure reduces.
more slowly than it rises in heating up (observed in
transmission measurements, no experimental points
shown in fig. 8). '

The temperature dependence of the saturated va-
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por density Ny or the saturated vapor pressure pg (eq.
(4)) of rhodamine 19 vapor below 9g=300°C al-
lows the determination of the rhodamine 19 desorp-
tion energy Q. (1atent heat of evaporation) [7,24]:
The saturated vapor density is given by the dynamic
£equilibrium of adsorption 2::d des~rption. The ad-
sorption rate is n,.S, where S is ¢ siicking coeffi-
cient. The desorption rate is 1y, Vaes€XP( — Ques/AUR ),
where ng,,¢is the surface number density of dye mol-
ecules (dimension cm~?), vg., is the attempt fre-
quency of desorption (dimensions~') and Q.. is the
desorption energy. The equality of adsorption and
desorption rates leads to the following results

Ns = (2nm/kOg)'"?(Vge,/S)

X Ngyer €XP (= Qaes/ KOR)

=Kaeek T 'OR 2 exp (= Ques/KOR) (5)
ps = (2nmkOg)'"? (Vges/S)

X Ruer €XP (= Qaes/ kg )

=Kaes Or '?€xP (= Ques/ k) - (6)

The calculated solid curves in fig. 8 indicate a de-
sorption energy of Qgex (2.1+0.3)X10-'° J
=1.3120.2 eV. kg is in the range between 4 X 107 and
10° Pa K~'/? giving vg4./S values between 4% 10'?
and 10" s~' (m=6.88x10~2° kg, mass of neutral
zwitterionic rhodamine 19, IV). The scatter of the
experimental data does not allow us to determine an
accurate Vg./S value. Our saturated vapor density
results agree well with the data reported in ref. [11],
where the fluorescence light was analysed for satu-
rated vapor density determination. The latent heat of
evaporation A is given by A=N.Q4.=(1.3%
0.2)x10°J mol~' (application of Clausius-Clapey-
ron equation [23], N, is Avogadro constant).

4. Conclusions

The ionic dyes rhodamine 6G and rhodamine 19
have been investigated. Rhodamine 6G exists only in
salt form and decomposes into rhodamine 19 before
evaporating. For rhodamine 19 it is thought that only
the unprotonated form is present in the vapor phase.
The bulk rhodamine 19 decomposes and carbonizes
rapidly above 280°C. The vapor-phase rhodamine 19

decomposes into 2,7-dimethylrhodamine 110 above
320¢C. The absorption spectroscopic analysis of the
rhodamine 19 vapor is limited to the temperature re-
gion around O 300 K, where the vapor density is
still very small and.long vapor cells are necessary for
resonable absorption effects. But at this temperature
region the absorption spectrum of rhodamine 19
could be measured and compared with solution spec-
tra. The accumulated dye-flow measurement is very
sensitive and allows the vapor density determination
down to 200<C. The latent heat of evaporation of
rhodamine 19 could be calculated from the vapor
pressure versus temperature.

The absorption spectroscopic behaviour of rhoda-
mine B [10] seems to be similar to that of rhodamine
19. Asrhodamine 19 and rhodamine 110, rhodamine
B has a protonated and an unprotonated form and it
is thought that only the unprotonated (neutral zwit-
terionic) form exists in the vapor.
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