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Selective Measurements of Pion Transfer Processes in Alcohols and Carboxylic Acids
Using Deuterated Compounds
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Negative pion transfer from pionic hydrogen to carbon and oxygen in alcohols and carboxylic acids
was studied. The pion capture probability on hydrogen at a particular site in the molecules was obtained
from measurements for the ordinary compound and the deuterated one. The method revealed that the
pionic hydrogen atoms originating from hydrogen in different chemical environments show different
behavior. The transfer process was discussed with a large mesomolecular model combined with an
external transfer process.

PACS numbers: 36.10.Gv

The mechanism of molecular and atomic capture ofor deuterated molecules therefore provides the capture
negative pions has not yet been completely understooghrobability for hydrogen except for hydrogen at the
especially in hydrogen-containing molecules. The transdeuterated site. Thus we can measure selectively the
fer of pions captured by hydrogen to other atoms complicapture rate for a particular hydrogen atom with a
cates the overall process and makes the mechanism hazdmparison between the ordinary compound and the
to understand [1-6]. Most studies have recently been dedeuterated one.
voted to understanding the transfer process and establish-We selected a series of alcohols, carboxylic acids, and
ing a capture model which involves the capture procesthe corresponding compounds with a deuterated hydroxyl
and the successive ™ transfer [7-13]. or carboxyl group to study the behavior of the p atoms

The 7~ transfer is significant in investigating the originating from hydrogen in different chemical states.
relation between the chemical state of tdeH bond Preliminary results for alcohols have been reported [13].
and the isolation of pionic hydrogetw~p) from the We report here the results for carboxylic acids and the
bond, because transfer is considered to occur only fronmproved results for alcohols, together with a new finding
an excited7~ p atom. An isolatedr p may transfer that the behavior of ther~p from the hydrogen bound
the 7~ to a higher-Z atom in a subsequent collision:to oxygen is different between alcohols and carboxylic
7 p +Z— w Z + p. The process is called “external acids. The chemical effects in the transfer process are
transfer” if the 77~ is transferred outside the molecule discussed based on a combined model [15] which involves
where it was originally captured. The process is “internala large mesomolecular (LMM) model [1,3,4] and external
transfer” if this occurs in the same molecule. A similartransfer [2,4].
phenomenon may proceed by~ tunneling along thez- The samples measured werealcohols R-OH and
H bond [7-10]. R-OD (R = C,H,,+1, n = 1-5) andn-carboxylic acids

In the analysis of the pion capture process, the maiR-COOH and R-COOD (R = C,-1Hy,—1, n = 2-4,
problem is the fact that the capture probability for a6,8). The deuterated compounds were prepared by
particular Z atom is given as an average over thean isotope exchange with O for CsH.;OD and by
chemically different states of the same element in the D,O hydrolysis of acid anhydrides foR-COOD
molecule. Observation of the pion capture probability on(n = 3,4,6,8). Commercial reagents were used for
a particular atom in the molecule, if possible, will give the measurements of the other compounds. The water
significant information for understanding the pion capturecontent was determined using the Fischer method after
mechanism. dehydration by molecular sieves, and was found to be less

In this study, we try to extract the capture rate for athan 0.3% for all samples. The deuterium atomic purity
particular hydrogen atom using deuterated compoundsvas 97% to 99.5% from &H-NMR measurement.

The capture events by hydrogen undergoing no transfer The measurements were performed at the channel
can be measured by means of a pair of the annihilationf the 12-GeV proton synchrotron in the National Labo-
vy rays of 7% produced by the reactiom;” p — 7%x2. To  ratory for High Energy Physics (KEK) [16]. The pionic
the contrary, the charge-exchange reaction inal atom  x rays were measured with two Ge detectors, andsthe
is strongly suppressed~(10~* [14]). The measurement decays7° — 2v) were detected with a pair of lead glass

2460 0031-900796/76(14)/2460(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER

14

PHYSICAL REVIEW LETTERS

1 ARRIL 1996

TABLE |. Pion-capture probabilities for the constituent elements and the results of the selective measurement for hydrogen.
Wu (%)
Compound We (%)*? Wo (%)* W Wi [=Wu(D)] W8 [=Wu — Wu(D)]
CH;0H(D) 489+ 1.0 50.6+ 0.5 0.714=+ 0.008 0.626+ 0.009 0.091+ 0.012
C,HsOH(D) 61.6+ 1.5 37.6* 0.6 0.886+ 0.011 0.786+ 0.012 0.100+ 0.016
C3H,OH(D) 719+ 1.6 27.1+ 05 0.998=+ 0.010 0.920+ 0.009 0.078+ 0.013
C,H,OH(D) 772+ 13 21.7+ 05 1.053+ 0.014 0.978+ 0.010 0.075+ 0.017
CsH,OH(D) 80.6+ 2.5 18.3+ 0.5 1.075+ 0.010 1.014+ 0.011 0.061+ 0.015
CH3;COQOH(D) 423+ 1.1 575+ 1.3 0.218=+ 0.003 0.191+ 0.004 0.027+ 0.005
C,HsCOOH(D) 55.0+ 1.3 447+ 1.1 0.366+ 0.004 0.342+ 0.005 0.024+ 0.007
C3H,COOH(D) 62.9+ 1.7 36.7+ 0.9 0.474=+ 0.005 0.464+ 0.006 0.010+ 0.008
CsH,COOH(D) 72.6+ 1.7 26.7+ 0.7 0.633=+ 0.005 0.626+ 0.006 0.007+ 0.008
C,HsCOOH(D) 779+ 1.8 21.3*+ 0.6 0.730=+ 0.011 0.729+ 0.006 0.002+ 0.013
Syst. err. (%Y 6.2 5.4 55 55 55

&The attached errors do not include the errors of the x-ray yields.
bThe systematic errors were estimated according to [15].

Cherenkov counter arrays. Each sample was measured fobserved inWy is attributed to external transfer. The
4-8 hwith aslowr~ beamat x 10* 7~ /secinhelium R/Rc for carboxylic acids shows a tendency similar
atmosphere to avoid disturbance from air. The experimento that for alcohols. However, Fig. 2 apparently exhibits
tal method has been described in detail elsewhere [15,17hat =~ p atoms from a carboxylic group show different

The capture probabilitie®y for oxygen andW¢ for  behavior from that for a hydroxyl group. This is a new
carbon were obtained from the pionic x-ray intensities andinding revealed by the selective measuremerivgf
the x-ray yields per captured pion, and shown in Table I. In a recent report [15], we have tried to combine
X-ray yields for a single substance cannot be availablé¢he modified (LMM) model [19,20] with a phenomeno-
in the analysis for molecules, because the x-ray intensitiogical treatment for external transfer [2]. The fol-
pattern and the x-ray yields vary with the chemicallowing parameters are included in the new model:
environment. The x-ray yields of the (3-2) transition for A, for the external transfer rates, for the isolation
carbon and oxygen were then deduced from our own datarocess of az~ p atom from theZ-H bond, ando
to maintain the consistency between the x-ray intensitiefor the ionicity of the Z-H bond. For compounds
and the capture rates for all compounds studied [15]. Theonsisting of three or more elements, as in the present
capture probabilityWy on hydrogen was obtained from case, the capture probabilityw’)g within two ele-
the number ofr? events for the sample by normalization ments that bound each otheZ-Z’, is the object to
to the number for polyethylene [12].Wy(D) for the analyze, and the electron displacement between the
deuterated compounds was corrected for the contribution
of the 77~ transfer from hydrogen to deuterium using the 8
transfer parameters in the;& + D,0O system [18]. The
correctedWy (D) values are also listed in Table .

The capture probabilities of the hydrogen bound to sl T
carbon,Wﬁ, corresponds to th&'y (D) values, because
the 7° decay is attributed only to the hydrogen of the
alkyl group. The ¢ Opture probability of the hydrogen
bound to oxygen,Wyg, can be derived fromWy —

Wy (D). Figures 1 and 2 show the variation in the capture
per atom ratiosR$i/Rc and R{}/Ro, respectively, with 2}
the number(n) of carbon atoms in the molecules. The
variation should be constant if the™ transfer occurs only
for the atom bonding to the hydrogen in the molecule.
Recently, Harstort al. explained the change iWy in a
series of alcohols by considering only the transfer to the
neighboring atom [12]. However, our results show that™!G. 1. Capture ratios per atom of the hydrogen bound to
the external transfer cannot be neglected in the captm@Irbon relative to the carborRii/Rc, as a function of the
process, as shown in Fig. 1. umber(n) of carbon atoms for alcoholé®) and carboxylic

LT L . aC|ds (O). The dashed line represents the capture ratio for
The similarity between the variations iRfj/Rc and polyethylene. Solid curves are the model calculations with the

RS /Ro in alcohols also supports the view that the changebtained parameters (see text).
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8 TABLE Il. Comparison between the experimental and empiri-
cal transfer parameters.
Present work fowg Empirical estimates
®r R-OH  R-COOH H, + X2 C,H,, + X°
Ac 1.7+ 0.2* 1.7+ 0.2* 4.6 25
Ao(OH) 4.1+ 0.5*¢ - 5.6 3.0
Ao(COOH - 48+ 0.5 5.6 3.0

aBased on [21]X = rare gas
®Based on [4,22]X = rare gak
I ‘Taken from [15].

=

& |[-oh

o o+
O._

n In the analysis fo(w")$} values, we could not obtain

FIG. 2. Capture ratios per atom of the hydrogen bound td® reasonable convergence for three E)arameters. As for
oxygen relative to the oxygerR3/Ro, as a function of the the hydroxyl group, assuming that the” p atoms show
number (n) of carbon atoms for alcoholé®) and carboxylic the same behavior as those from an alkyl group (i.e.,
acids (O). The solid curve represents the model calculationsAc = 1.7 andAo = 4.1), we obtained:z’y = (.115 under
mg; eAfN o 1.7 an(()j ﬁo (?etlfe&)‘g)d ftg‘re gﬁgﬁgéuwﬁoreé);teéﬁs the condition ofc = 0; taking a/, = 0.140, we obtained
ar = o o : Ac ~0andAp = 10 = 2. These results are shown by
transfer was found for caroboxylic acids. the solid and dotted curves, respectively, in Fig. 2. The
analysis for the carboxyl group provide$, = 0.017 =
relevant atoms is adjusted so as to reproduce eaahp02 for o = 0 (covalent bonding) ofc = —0.8 for
capture probability for each combination of the con-4/ = (.14 (the same as that for the alkyl group) under the
stituent elements. Here, we considered the followcondition of no transfefAc = 0 andAg = 0). Although
ing three combinations, (W')G [=Wo/(Wo + Wc)l,  the latter is qualitatively consistent with the chemical
(Wi [ZWSC/(WS + Wc)l, and (W)R [=WR/(WR +  nature of carboxylic acids, the value corresponds to a too
Wo)]. (W')o was calculated according to [18], and large electron displacemetit0.9¢).
(WH§ and(W")$} were analyzed using a treatment similar  The mean lifetime of ar~ p atom was measured to
to that in Egs. (5) and (6) in [15]. Only the results of the be (2.3 + 0.6) X 10~!? s in liquid hydrogen [25]. The
analysis are presented here. lifetime corresponds to the time from the atomic capture
As for the(W")§ values, the model analysis provided theto the nuclear capture. However, the lifetime of thep
best fit to the experimental data under the conditios 0  atom isolated fronZ-H molecules will be shorter than that
for both alcohols and carboxylic acids. The condition isand longer thas X 10! s (the estimated lifetime for the
consistent with the chemical nature of the C-O bond.  4s-atomic level) [26], because the~ should exist in the
From the analysis for th(eW’)% values under the condi- low excited atomic state: = 6 — 4) when ther ~ p atom
tion of o = 0 (the covalent bonding of C-H), we obtained becomes free from th&-H bond. Recently, it has been
al, = 0.146 = 0.006 and Ao = 4.1 = 0.5 for alcohols, reported that ther ~p atom from H, has a mean kinetic
and a/, = 0.144 = 0.007 and Ao = 4.8 = 0.5 for car-  energy of 1-2 eV [27]. Accordingly, we can estimate
boxylic acids, providing\¢ = 1.7 = 0.2 [15]. A notice- the travel length of ther~p atom to be6 X 10719 to
able fact supporting the validity of this model is that the2 x 1078 m, which is strongly affected by the angular
model analysis provided the samg value within the er- momentum and energy states of the pion in the isolated
rors among alkanes [15], alcohols, and carboxylic acidsz~p atom. Although the behavior of the long-rangée p
Comparisons between the present values and the empiatoms can be analyzed in the framework of the present
cal estimates are presented in Table Il. The difference benodel, in the case of the short-range p atoms the
tween two empirical estimates has been attributed to theansfer will occur mainly for the neighboring atoms and
fact that thezr ~ p atom isolated from the C-H bond lies thus will be strongly affected by the molecular structure.
in the lower excited state compared with that from theThe observed differences in the: andA values between
H-H bond [4,23]. The obtained\¢ value is, addition- hydroxyl and carboxyl groups may reflect the behavior of
ally, smaller than the latter estimate, and thg values the short-ranger ~ p atoms mentioned above.
are comparable to the estimates. Strong hindrance in the In conclusion, we found by using a new method that
transfer to carbon atoms of the alkyl group and a slighpionic hydrogen atoms originating from hydrogen in
difference betweeno(OH) and Ao(COOH ) indicate that hydroxyl and carboxyl groups show different behavior.
the steric hindrance of the bonding hydrogen strongly afThe combined LMM model successfully explained the
fects the transfer process. A similar effect has been obahole capture process involving the external transfer
served in gas phase experiments [24]. observed in the molecules studied. The chemical effects
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