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The scent of maibowle –  electron localization in coumarin from 

its microwave-determined structure 

Ha Vinh Lam Nguyen*[a] and Jens-Uwe Grabow[b] 

This work is dedicated to T. Bell. 

 

Abstract: The microwave spectra of the natural substance coumarin, 

a planar aromatic molecule with the specific scent of maibowle, a 

popular fruit punch served in spring and early summer, were 

recorded using a molecular jet Fourier transform microwave 

spectrometer working in the frequency range from 4.0 to 26.5 GHz. 

The rotational constants and centrifugal distortion constants were 

determined with high precision, reproducing the spectra to 

experimental accuracy. The spectra of all singly-substituted 13C and 
18O isotopologues were observed in their natural abundances to 

determine the experimental heavy atom substitution rs and semi-

experimental equilibrium re
SE structures. The experimental bond 

lengths and bond angles were compared to those obtained from 

quantum chemical calculations and those of related molecules 

reported in the literature with benzene as the prototype. The 

alternation of the C-C bond lengths to the value of 1.39 Å found for 

benzene reflects the localization of  electrons in coumarin, where 

the benzene ring and the lactone-like chain −CH=CH−(C=O)−O− are 

fused. The large, negative inertial defect of coumarin is consistent 

with out-of-plane vibrations of the fused rings.  

1. Introduction 

Coumarin is an aromatic molecule with the structural formula 

C9H6O2. With its specific, pleasant odor and its bitter taste, 

coumarin is a natural substance present in many plants, e.g. in 

vernal grasses, yellow melilot, woodruff, date, and vietnamese 

cinnamon [1]. It is particularly used as fragrance in the 

perfumery as well as in cuisine, most notably to give maibowle 

its very specific woodruff aroma [2]. 

Coumarin is produced synthetically i.e. in a condensation 

reaction between acetic anhydride and salicylaldehyde using 

Perkin’s synthesis. From nature, the starting material for 

coumarin in plants is cinnamic acid, and coumarin is formed by 

hydroxylation, glycosidation, and cyclization. Itself being of 

moderate size, coumarin is a common structural part of larger 

biological molecules. Many molecules which have important 

roles in medicine, rodenticide precursors, laser dyes, perfumes, 

and aromatizes contain coumarin as a substructure, such as the 

prescriotion drug warfarin which is an anticoagulant used to 

inhibit formation of deep vein thrombosis, blood clots, and 

pulmonary embolism. 4-hydroxycoumarins are a type of vitamin 

K antagonist, which block the regeneration and recycling of this 

vitamin.  

The structure of benzene, well-established by X-ray 

diffraction, possesses a constant C–C–C angle of 120° and a 

constant C–C distance of 1.39 Å between six carbon atoms, 

which is shorter than a C–C single bond of about 1.47 Å but 

greater than a C–C double bond of 1.35 Å. This is a measure for 

the perfect -electron delocalization in benzene. It is known that 

substitutions on the benzene ring can alter structural parameters 

such as bond lengths and bond angles at the substituted 

positions. As a consequence, they break the perfect -electron 

delocalization, making some regions of the aromatic system 

richer on -electrons than the others. The use of pulsed 

molecular jet Fourier Transform microwave spectrometers has 

led to significant improvements in sensitivity and accuracy 

compared to absorption cells, enabling us to measure and study 

the isotopic species of all singly-substituted 13C- and 18O-

isotopologues of coumarin. Subsequently, bond lengths and 

bond angles can be precisely determined to deduce information 

about the -electron location in coumarin. 

2. Quantum Chemical Calculations 

Constrained by the rigidity of the aromatic ring, coumarin can 

only possess one possible, planar structure as indicated in 

Figure 1. Previous microwave spectroscopic studies on similar 

systems reported in the literature, such as those on the 

polycyclic aromatic hydrocarbons (PAHs) azulene, 

acenaphthene, acenaphthylene, and fluorene [3], polycyclic 

aromatic nitrogen heterocycles (PANHs) phenanthridine, 

acridine, and 1,10-phenanthroline [4], as well as a series of 

alkylnaphthalenes [5] consistently suggested that the structures 

of such molecules can be calculated well with the B3LYP 

method. The basis set was chosen to be either Dunning’s cc-

pVTZ [6] or Pople’s 6-311+G(d,p) and 6-311++G(d,p) [7]. From 

our own experiences [8-11] and studies in the literature [12-15], 

the MP2/6-311G++(d,p) level of theory has proven its reliability 

in calculating rotational constants of aromatic-ring containing 

molecules for assignment purposes. Therefore, quantum 

chemical calculations at this level were carried out with the 

Gaussian 16 program [16] and the ab initio rotational constants 

A = 2819.5 MHz, B = 880.0 MHz, C = 670.7 MHz were used as 

starting values to predict the microwave spectrum of coumarin. 

For comparison, the obtained structure was re-optimized at the 

CAM-B3LYP-D3BJ/cc-pVTZ level of theory using Grimme’s 

dispersion correction [17], Becke-Johnson damping [18], as well 

as the electron mass corrections which are important in 

determining the equilibrium geometry of planar, aromatic 

molecules. We also performed calculations at the MP2/6-

31G(d,p) level, since it has yielded rotational constants with 
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values remarkably close to those of the experimental ones for 

the related molecules quinoline and isoquinoline [19], as well as 

for some other molecules containing an aromatic ring [20-22]. 

The Cartesian coordinates of the optimized structure are 

available in Table S-1 in the Supporting Information. Anharmonic 

frequency calculations were performed to obtain vibrational 

ground state rotational constants and centrifugal distortion 

constants.  

 

 

 

 

 

 

 

 

 

Figure 1. Structure of coumarin optimized at the MP2/6-311++G(d,p) level of 

theory (see text). 

3. Microwave Spectrum 

3.1. Spectral assignment 

At the beginning of the experiment, a broadband scan in the 

frequency range from 8 to 11 GHz was carried out, where about 

20 intense lines and many much weaker lines are observed. A 

portion of the survey spectrum is shown in Figure 2. The dipole 

moment components calculated with the MP2 method are µa = 

4.88, µb = 3.14, and µc = 0.0 D. Therefore, strong a- and b-type, 

but not c-type transitions were expected in the rotational 

spectrum. We started our assignment with a-type J’’ = 5 ← J’ = 4 

transitions, because - from our experiences - the frequencies 

predicted for a-type lines are often quite reliable. The 

assignment was straightforward. Afterwards, b-type lines were 

also assigned and all 20 strong lines found in the scan could be 

fitted with the program XIAM [23] using a semi-rigid rotor model 

where the Hamiltonian only consists of rotational and quartic 

centrifugal distortion terms of Watson’s S reduced Hamiltonian.  

 

 

 

 

 

 

 

 

Figure 2. A portion of the broadband scan of coumarin. The frequencies are 

given in MHz; the intensity in arbitrary unit. The upper trace shows the 

experimental spectrum with all intense lines belonging to the parent species. 

For the weaker transitions arising from the nine 13C isotopologues, only the 

line positions are indicated as satellite bands in black with constant intensity. 

The calculated spectrum of the main isotopologue is given in maibowle green 

on the lower trace. 

With the prediction refined from this fit, further transitions out 

of the scan region could be identified and measured directly. A 

typical spectrum is presented in Figure 3. The final fit, given as 
12C in Table 1, contains 162 lines with J  12 and Ka  7 and 

shows an excellent standard deviation of 1.3 kHz. A list of all 

measured lines can be found in Table S-2 in the Supporting 

Information. 

After the main isotopic species was assigned, many weak 

lines remained in the spectrum. We assumed that they belong to 

the spectra of the nine 13C isotopologues of coumarin. The 

Cartesian coordinates of the optimized structure in Figure 1 

were taken, and the mass of the individual carbon atoms was 

adjusted to calculate the rotational constants of all 13C 

isotopologues. The predicted 13C-frequencies were 

correctedwith the differences between the frequencies predicted 

with the Be constants obtained at the MP2/6-311++G(d,p) level 

and the experimental frequencies of the parent species, leading 

to straightforward assignments of all 13C isotopologues. 

Transitions with J  7 and Ka  3 were measured.  Due to the 

Table 1. Spectroscopic parameters of the parent species, nine 13C-isotopologues, and two 18O-isotopologues of coumarin (for atom numbering, see Figure 1). 

Par.[a] Unit 12C 13C(1) 13C(2) 13C(3) 13C(4) 13C(5) Calc.[b] 

A MHz 2830.370692(65) 2813.97656(22) 2796.09675(75) 2825.65025(21) 2819.79587(39) 2805.77814(90) 2811.528 
B MHz 885.581280(30)  875.01639(12)  882.926957(42)  885.492575(96)  885.157599(76) 880.200278(50) 875.068 
C MHz 674.795663(28)  667.72513(12)  671.296091(25)  674.475742(96)  673.947569(48) 670.272915(30) 667.675 
DJ kHz 0.00893(13)      0.00826 
DJK kHz 0.02296(53) 0.0173(56) 0.0174(45) 0.0174(51) 0.0249(98) 0.0140(54) 0.02141 
DK kHz 0.1687(24)      0.1627 

d1 kHz 0.002443(73) 0.00242(74)  0.00407(68)   0.002374 

d2 kHz 0.000432(30)      0.000406 

[c] kHz 1.3 0.7 0.6 0.7 1.2 0.7  
N[d]  162 14 13 14 14 13  

  13C(6) 13C(7) 13C(8)     13C(9) 18O(10) 18O(11) 
 

A MHz 2828.61467(58) 2784.61352(67) 2807.11546(18) 2829.70926(24) 2796.76921(22) 2814.8637(80)  
B MHz  872.67458(27)  885.03645(51)  880.276698(93)  878.78450(13)  882.555582(10)  855.26121(51)  
C MHz  667.17917(32)  671.84377(55)  670.394192(94)  670.80478(13)  671.123344(7)  656.18790(24)  
DJ kHz 0.0117(33) 0.0146(43)      
DJK kHz   0.0243(45) 0.0139(63)    
d1 kHz  -0.0126(24) -0.00230(60) -0.00285(83)    

[c] kHz 1.8 2.2 0.6 0.8 0.1 3.5  
N[d]  14 12 14 13 6 7  

[a] All parameters refer to the principal axis system. Watson’s S reduction in Ir representation was used. Standard errors in parentheses are in the unit of the least 
significant digits. For all 13C and 18O-isotopologues, the values of centrifugal distortion constants which are not fitted are fixed to those of the parent species. [b] 
Ground state rotational constants and centrifugal distortion constants from anharmonic frequency calculations at the MP2/6-31G(d,p) level of theory. [c] Standard 
deviation of the fit. [d] Number of lines. 
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Figure 3. A typical 𝐽′′𝐾𝑎′′𝐾𝑐′′ ← 𝐽′𝐾𝑎′𝐾𝑐′ rotational transition of coumarin. The line 

width is 14 kHz (full width at half height). The doublet arises from the Doppler 

effect; the mean frequency is 9575.3680 MHz. For this spectrum, 1000 free-

induction decays were co-added and averaged. 

 

small number of observable lines, only one or two quartic 

centrifugal distortion constants could be determined while the 

values of the other distortion constants were fixed to those of the 

parent species. The spectroscopic parameters of the 13C 

isotopologues are summarized in Table 1 along with those of the 

parent species; the frequency lists are given in Table S-3 in the 

Supporting Information. 

 

To complete the heavy atom structure, we also searched for 

the two 18O-isotopologues. Because of the low natural 

abundances of 0.2%, transitions of these species were not 

visible in the broadband scan given in Figure 2 where only 200 

co-added decays were taken per each scan step of 0.25 MHz. 

Therefore, scans of ±2 MHz around the corrected frequencies of 

three a-type transitions 606  505, 615  514, and 707  606 were 

performed by steps of 0.2 MHz with 10000 co-added decays at 

each step. In total, 6 lines could be found for the 18O(10) and 7 

lines for the 18O(11) species. In the fits, all quartic centrifugal 

distortion constants were fixed to the values of the parent 

species. 

 

3.2. Structure determinations 

The rotational constants of the parent species as well as 

those of the 13C and 18O-isotopologues given in Table 1 were 

input in the programs KRA and EVAL available at the PROSPE 

website [24] to determine the heavy atom substitution rs 

structure of coumarin using Kraitchman’s equations [25]. Since 

the atom coordinates appear squared in these equations, their 

signs are ambiguous and were taken from the optimized 

geometry. Costain’s rule was used to determine the 

uncertainties [26]. The atom coordinates output by the program 

KRA are given in Table 2; the bond lengths and bond angles 

obtained from the program EVAL are presented in Table 3 and 

Figure 4. For the EVAL input, all values of the c-coordinates 

were set to zero.  

 Though the substitution rs structure is quite often reported 

in the literature, it is known that this structure determination is 

not reliable for large molecules such as coumarin exhibiting one 

or more atoms near one of the principal axes and Costain's rule 

is over-optimistic [27]. For this reason, the semi-experimental 

equilibrium re
SE structure might be a better alternative. The  

Table 2. Experimental atom positions from the substitution rs and semi-

experimental equilibrium re
SE structures of coumarin. Due to planarity, all c-

coordinates were set to zero. The equilibrium atom positions re are optimized at 

the MP2/6-31G(d,p) level of theory. Standard errors in parentheses are in the 

unit of the least significant digits. 

 rs rse
SE 

 a/Å b/Å a/Å b/Å 

C(1) 2.62603(57) –1.0306(15)  2.62084(57) –1.0299(15) 
C(2) 1.3084(12) –1.4853(11)  1.3114(12) –1.4832(11) 
C(3) 0.2392(63) –0.5471(28)  0.2690(56) –0.5512(28) 
C(4) 0.5230(29)  0.8199(19)  0.5292(29)  0.8211(19) 
C(5) 1.86732(80)  1.2587(12)  1.86656(80)  1.2578(12) 
C(6) 2.90977(52)  0.3362(45)  2.90311(52)  0.3402(45) 
C(7) –0.5937(26)  1.71746(88) –0.6009(26)  1.71428(88) 
C(8) –1.85403(81)  1.2235(12) –1.84860(81)  1.2224(12) 
C(9) –2.10449(71) –0.2061(73) –2.10317(71) –0.2182(69) 
O(10) –0.99158(16) –1.0438(15) –0.9969(16) –1.0411(15) 
O(11) –3.19574(47) –0.7276(21) –3.19019(47) –0.7247(21) 

 re r0e
SE 

C(1) 2.63179 –1.03739 –2.6210(47)  –1.030(13)  
C(2) 1.31644 –1.48807 –1.3119(96) –1.4834(87)  
C(3) 0.28051 –0.55162 –0.276(13)  –0.551(22)   
C(4) 0.54065 0.82802 –0.532(18)   0.821(16)   
C(5) 1.87911 1.26021 –1.8668(67)   1.258(11)  
C(6) 2.91574 0.33681 –2.9032(43)   0.342(20)  
C(7) –0.59127 1.71955  0.597(19)   1.7149(75)  
C(8) –1.85094 1.22513  1.8483(65)   1.223(11)  
C(9) –2.11872 –0.21095  2.1029(64)  –0.223(23) 
O(10) –1.00008 –1.04683  0.9965(65)  –1.0416(66) 
O(11) –3.21970 –0.72626  3.1898(22)  –0.7236(94) 
H(12) 1.06981 –2.54115 –1.069(30)  –2.531(68) 
H(13) 3.44088 –1.75623 –3.427(56)  –1.743(44)   
H(14) 3.94306 0.67613 –3.923(69)   0.683(30)   
H(15) 2.08683 2.32383 –2.068(22)   2.315(68)   
H(16) –0.41946 2.78996  0.424(43)   2.777(68)   
H(17) –2.72393 1.86131  2.718(58)   1.856(40)  

 
Table 3. Bond lengths (in Å) and bond angles (in degrees) of coumarin 

deduced from the substitution rs, semi-experimental equilibrium re
SE, and re 

equilibrium structures. Standard errors in parentheses are in the unit of the 

least significant digits. 

 rs rse
SE r0e

SE[a] re
[b] 

C1–C2  1.3938(14) 1.3857(14) 1.385(14) 1.3904 
C2–C3  1.4225(52) 1.3983(47) 1.394(20) 1.3965 
C3–C4  1.3961(36) 1.3967(35) 1.395(29) 1.4040 
C4–C5  1.4142(30) 1.4069(29) 1.404(18) 1.4065 
C5–C6  1.3920(32) 1.3844(32) 1.383(18) 1.3883 
C1–C6  1.3960(47) 1.3989(46)  1.4032 
C4–C7  1.4327(33) 1.4405(33) 1.441(28) 1.4409 
C7–C8  1.3537(26) 1.3412(26) 1.344(22) 1.3532 
C8–C9  1.4513(73) 1.4629(69) 1.469(28) 1.4608 
C9–O10 1.3930(47) 1.3788(45) 1.375(18) 1.3964 
C3–O10 1.3273(61) 1.3574(55)  1.3730 
C9–O11 1.2095(34) 1.1992(32) 1.196(12) 1.2156 

C1–C2–C3  119.70(21) 119.10(20) 118.9(886) 118.97 
C2–C3–C4  119.54(44) 121.07(41)  121.43 
C3–C4–C5  119.80(31) 118.82(30) 118.7(13) 118.57 
C4–C5–C6  120.42(18) 120.40(18) 120.4(11) 120.41 
C5–C6–C1  119.78(12) 119.88(12)  120.02 
C6–C1–C2 120.764(97) 120.737(97)  120.59 
C3–C4–C7  117.06(32) 117.59(31) 117.8(13) 117.55 
C4–C7–C8  119.81(13) 120.16(13) 120.2(11) 120.34 
C7–C8–C9  121.34(11) 121.54(11) 121.44(621) 121.99 
C8–C9–O10 117.03(21) 116.62(20) 116.50(74) 116.21 
C3–O10–C9  121.05(31) 122.20(29)  122.09 
C4–C3–O10 123.71(40) 121.89(36)  121.82 
C8–C9–O11 125.48(38) 125.00(36) 124.7(16) 125.64 

[a] All hydrogen atom’s bond lengths were fitted to be 1.076(74) Å but 
constrained to be the same. [b] Geometry optimized at the MP2/6-31G(d,p) 
level of theory. 

determination is shown i.a. in Refs. [20,27-32]. For a comparison 

with the rs structure, we first determined the so-called rse
SE 

structure, where the experimental ground state rotational 

constants A0, B0, and C0 of the parent species and all 

isotopologues given in Table 1 are rovibrationally corrected from 

the ab initio cubic force field at the MP2/6-31G(d,p) level of 



FULL PAPER    

4 

 

theory before inputting them in the program KRA [24] (for details, 

see Table S-4 in the Supporting Information). Nevertheless, 

rse
SE is a partial structure determination since only spectra of 

heavy atoms could be measured and the locations of hydrogen 

atoms remained unknown. However, hydrogen coordinates 

predicted by quantum chemistry can be fitted together with the 

corrected A0, B0, and C0 rotational constants using the program 

STRFIT [33], yielding the r0e
SE structure. In the fit, the hydrogen 

atom locations were varied, but all CH bond lengths are 

constrained to be the same. The atom coordinates, bond lengths, 

and bond angles of both re
SE structures are also given in Tables 

2 and 3. 

 

 

 

 

 

 

Figure 4. Experimental bond lengths (blue, in Å) and bond angles (red, in 

degrees) of coumarin from the semi-experimental equilibrium rse
SE structure. 

Bond lengths from the equilibrium re structure calculated at the MP2/6-

31G(d,p) level of theory (purple, in Å) are also given for comparison. Standard 

errors in parentheses are in the unit of the least significant digit. 

4. Discussion 

4.1. Molecular geometry 

The well-established structure of benzene determined by X-ray 

diffraction shows the same bond length of 1.39 Å between six 

carbon atoms, which is shorter than a C–C single bond of about 

1.47 Å but greater than a C–C double bond of 1.35 Å. This 

constant, intermediate C–C distance in benzene implies a 

perfect electron delocalization where the  electrons are 

distributed equally within the ring. Examinations of other 

aromatic compounds related to benzene, e.g. naphthalene, 

anthracene, and phenanthrene, disclose that for example in 

naphthalene, four bonds are shorter (1.37 Å) and have about 

two times greater double bond character than the other six 

bonds (1.42 Å) [34]. Obviously, the  electron delocalization is 

perturbed by the less symmetric structure compared to that of 

benzene. In coumarin, the perturbations of bond lengths in 

benzene are even more pronounced due to the insertion of the 

lactone moiety into the ring fused with benzene, which breaks 

the perfect delocalization of benzene due to angle strains 

(known as the Mills-Nixon effect [35]). While the distance 

between the carbon atom in the benzene part of coumarin are 

essentially equal to the value of 1.39 Å reported for solid 

benzene (see Figure 4 for atom numbering and values), the  

electron delocalization is significantly perturbed in the other half 

part containing the lactone group, and is clearly reflected in the 

bond lengths. The distance of 1.341(3) Å between C(7) and C(8) 

as well as 1.357(6) Å between C(3) and O(10) implies that both 

C7–C8 and  C9–O10 have a great double bond character. The 

C9–O10 bond length of 1.379(5) Å is similar to the values of the 

C–C bond lengths in the benzene part. However, it is greater 

than the value of 1.35 Å found for the (O=)C–O bond of s-cis-

methacrylic acid (MAA) and s-cis-methyl methacrylate (MMA) 

[32], marked in blue in Figure 5. The C8–C9 bond length of 

1.4678 Å reflects slightly less single bond character than the 

comparable (O=)C–C bond of MAA and MMA (1.48 Å), shown in 

red in Figure 5. These differences can be also explained by 

angle strains at the oxygen atom arising from ring fusion, which 

does not affect much the length of the C7–C8 bond (marked in 

green in Figure 5, 1.34 Å in coumarin, MAA, and MMA). Finally, 

the C9–O10 bond is also not perturbed and has the same length 

as that found for MAA and MMA, as well as that of 2-

thiophenecarboxaldehyde (2TPC) [28] (1.20 Å in all cases). We 

note that all values of MAA, MMA, and 2TPC also refer to the 

re
SE structure, and thus ensure a reasonable comparison without 

influence of vibrations. 

 

 

 
 
 
 
 
 

Figure 5. Comparison of some bond lengths of coumarin (1) with those of the 

open chain molecules s-cis-methacrylic acid (2) and s-cis-methyl methacrylate 

(3) (see text). 

 

4.2. Inertial defect 

With all atoms located on the ab-plane, we expected an inertial 

defect very close to zero, as observed for e.g. pyrrole (0.017 

uÅ2) [36], oxazole (0.056 uÅ2) [37], 2TPC (0.008 uÅ2) [28], and 

fluorobenzene (0.033 uÅ2), but surprisingly found c = Ic – Ia – Ib 

= –0.294 uÅ2. Such negative, large values have been observed 

for many molecules related to coumarin such as the PAHs [3] 

and PANHs [4] mentioned in Section 2, as well as 9-

cyanoanthracene [38], quinolone [19], and isoquinoline [19], 

which could be traced back to significant out-of-plane vibrations 

of the rings [39]. The small, positive inertial defect is well-known 

as a judgement for the planarity of small molecules. The 

abnormally large, negative inertial defect due to out-of-plane ring 

motions has been found in a considerable number of molecules 

containing aromatic rings [40]. 

4.3. Theory versus experiment 

The equilibrium rotational constants Be calculated at the 

MP2/6-31G(d,p) level of theory are in remarkable agreement 

with the experimental results, as shown in Table 4. Though 

comparing predicted Be constants with experimental B0 

constants is not physically meaningful, it shows that the MP2/6-

31G(d,p) level offers cost-efficient calculations with sufficient 

accuracy for spectral assignment purposes. The MP2/6-

311++G(d,p) is a higher level than MP2/6-31G(d,p) and 

therefore, purely from theoretical perspective, more accurate. 

However, the errors of the MP2/6-31G(d,p) level compensate 

with the missing Be  B0 corrections in a way, that the Be 

calculated rotational constants accidentally match the B0 

experimental constants. Therefore, this level is useful for 

assigning microwave spectra of aromatic molecules like 

coumarin. 
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Table 4. Equilibrium rotational constants Ae, Be, Ce (in MHz), vibrational 

ground state rotational constants A0, B0, C0 (in MHz) of coumarin calculated at 

different levels of theory. 

 MP2 

/6-311++G(d,p) 

MP2 

/6-31G(d,p) 

B3LYP-D3BJ 

/cc-pVTZ 
Exp. 

A 2819.5 2829.2 2874.5 2830.4 
B 880.0 879.6 894.8 885.6 
C 670.7 671.0 682.4 674.8 

5. Conclusions 

The interplay between high-resolution pulsed jet microwave 

spectroscopy and quantum chemistry yields accurate molecular 

parameters of coumarin in the gas phase. The spectra of all 

singly-substituted heavy atom isotopologues were assigned, 

enabling the determination of the substitution rs and semi-

experimental equilibrium re
SE structures. The resulting bond 

lengths and bond angles were used to evaluate the perturbation 

in the  electron delocalization within the aromatic ring. The 

large and negative value found for the inertial defect of coumarin 

could be explained by out-of-plane motions of the ring, as 

observed for other related molecules. Comparison of the 

experimental and calculated rotational constants has shown that 

error compensations at the MP2/6-31G(d,p) level result in 

accidentally good values for spectral assignment purposes. 

 

Experimental Section 

The rotational spectra were measured with a coaxially oriented beam-

resonator arrangement (COBRA) spectrometer operating in the 

frequency range from 4 to 26.5 GHz. Details of the spectrometer were 

described elsewhere [41] already. Coumarin was purchased from Merck 

Schuhard, Hohenbrunn, Germany, with a stated purity of over 98 % and 

used without further purification. For the measurements, the solid 

substance coumarin was placed onto some glass wool which was put 

near the expansion nozzle inside the soleniod valve and heated to 75°C. 

Helium at a pressure of approximately 200 kPa flows over the sample 

slowly to saturate. The helium-coumarin mixture was expanded through 

the pulsed nozzle into the cavity. 
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